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“Nun ist eine transzendentale Zeitbestimmung mit der Kategorie (die die Einheit derselben 
ausmacht) so fern gleichartig, als sie allgemein ist und auf einer Regel a priori beruht. Sie ist aber 
andererseits mit der Erscheinung so fern gleichartig, als die Zeit in jeder empirischen Vorstellung des 
Mannigfaltigen enthalten ist. Daher wird eine Anwendung der Kategorie auf Erscheinungen möglich 
sein, vermittelst der transzendentalen Zeitbestimmung, welche, als das Schema der 
Verstandesbegriffe, die Subsumtion der letzteren unter die erste vermittelt“. 
 
Emmanuel Kant, Kritik der reinen Vernunft (B 178f). 
 
 
  
 
 
 
 
 
 
   
Abstract 
Number magnitude is assumed to be encoded in an analog visuo-spatial frame, which resembles a 
left-to-right oriented and logarithmically compressed mental number line. Some authors have 
suggested that also the semantic representation of multidigit numbers can be described by their 
location on the mental number line. However, more recent behavioural studies suggest that units and 
decades may be represented complementarily in separate cognitive bins of information. 
In this dissertation the semantic number representation of one- and two-digit Arabic numbers is 
examined. The empirical investigations are divided in two parts. The first part concerns activation of 
semantic number magnitude and its association with spatial processing. In three behavioural studies 
the spatial nature of the mental number line is examined. In Study 1 the congruity between the 
mental number line and response location is tested. In Study 2 the congruity between the mental 
number line and stimulus location is investigated, and in Study 3 the abstractness of number 
magnitude. 
The second part of the dissertation is dedicated to cognitive and neurophysiologic correlates of two-
digit semantic number processing. In two behavioural Studies 4 and 5 and a combined 
behavioural/functional magnetic resonance tomography (fMRI) Study 6 the semantic representation 
of units and decades is explored by means of the unit decade compatibility effect. In Study 4 the 
influence of different semantic relations on behavioural responses of normal participants is 
investigated. In Study 5 the influence of reading and segmentation abilities on the semantic 
representation of units and decades is examined in adult semi-illiterates, and in the fMRI Study 6 the 
neural correlates of unit and decade representations. 
Two main conclusions may be drawn from our investigations. First, Semantic number processing 
seems to be represented in a visuo-spatial code, which shares cognitive resources and interacts with 
other spatial representations. Second, the mental number line does not provide a comprehensive 
model for all features of multi-digit semantic number processing. Two-digit semantic number 
processing activates separate unit and decade representations besides the analog representation of 
number magnitude. 
 
 Kurzfassung der Dissertation 
Die semantische Verarbeitung ein- und zweistelliger Zahlen wird hier untersucht. Die 
Zahlengrößerepräsentation einstelliger Zahlen wird als ein von links nach rechts orientierter und 
logarithmisch komprimierter mentaler Zahlenstrahl beschrieben. Die semantische Repräsentation 
zweistelliger Zahlen ist etwas komplexer und schließt holistische sowie separierte Repräsentationen 
von Einer und Zehnerzahlen mit ein. 
Für zweistellige Zahlen existieren bereits kognitive Modelle, die in dieser Dissertation überprüft 
werden. Hier wird ein neues kognitives Modell, das “Konzeptuelle Modell des SNARC Effekts“, für 
die räumlich-semantische Verarbeitung einstelliger Zahlen präsentiert, das empirisch überprüft wird. 
Das Konzeptuelle Modell geht davon aus, dass die semantische Zahlenrepräsentation von 
allgemeinen kognitiven Schemata organisiert wird. Die semantischen Zahlenrepräsentationen nicht 
ausschließlich mit den Antworten verknüpft sind sondern auch mit generellen räumlichen Schemata, 
die für die Wahrnehmung sowie für die Planung motorischer Antworten verfügbar sind. Wenn 
unterschiedliche Repräsentationen auf die gleichen Schemata zugreifen, kann dies zu Interferenz 
oder Fazilitation führen. Die räumlichen Schemata sind nach dem Konzeptuellen Modell abstrakt 
und sollten modalitätsunabhängig wirken. 
Diese Annahmen wurden mittels des SNARC Effekts überprüft. Der SNARC Effekt besagt, dass 
kleinere Zahlen schneller mit der linken Hand beantwortet werden und größere Zahlen schneller mit 
der rechten Hand. In Studie 1 wurde gezeigt, dass die Orientierung des mentalen Zahlenstrahls nicht 
nur räumlich von links nach rechts geht, sondern den durch unterschiedliche räumliche 
Bezugsrahmen aufgebauten kognitiven räumlichen Schemata folgt. Studie 2 belegt, dass der SNARC 
Effekt nicht nur antwort- sondern auch wahrnehmungsbasiert. Ferner kann er mit anderen 
räumlichen Kongruenzeffekten wie dem Simon-Effekt interagieren. Schließlich zeigen die Daten aus 
Studie 3, dass der SNARC Effekt modalitätsunabhängig ist, also auf abstrakte räumliche Schemata 
zugreift. Insofern werden die Annahmen des Konzeptuellen Modells bestätigt. In der Diskussion 
werden weitere Vorhersagen des Modells abgeleitet. 
Der Untersuchung zweistelliger Zahlen wurde das Hybride Modell zugrunde gelegt. Das Modell geht 
davon aus, dass die Größe zweistelliger Zahlen auf drei Arten repräsentiert ist. Die Größe der 
gesamten Zahl ist holistisch repräsentiert. Darüber hinaus sind die Größen der Zehner und Einer 
jeweils separat repräsentiert. Wichtigster Beleg für die separaten Repräsentationen von Zehnern und 
Einern ist der Kompatibilitätseffekt. Er besagt, dass kompatible Größenvergleiche zweistelliger 
Zahlen, in denen Zehnervergleich und Einervergleich zur gleichen Antwort führen (42_57, 4<5 und 
2<7) schneller sind als inkompatible Vergleiche, in denen Zehnervergleich und Einervergleich zum 
unterschiedlichen Antworten führen (47_62, 4<6 aber 7>2).  
Studie 4 zeigt, dass der Einfluss der separaten Repräsentationen von Einern und Zehnern durch 
visuelle Maskierungsverfahren abgeschwächt und verstärkt werden können. In Studie 5 wurde 
gezeigt, dass die separaten Repräsentationen von Zehnern und Einern nicht auf Beschulung und 
Lesefertigkeit zurückgeführt werden können, denn der Kompatibilitätseffekt wurde auch bei 
brasilianischen Semi-Illiteraten beobachtet. Studie 6 belegt, dass die kognitiven Repräsentationen 
auch ihre neuronale Entsprechung haben. Neben gemeinsam aktivierten Arealen finden sich auch 
neurofunktionelle Korrelate von Zehner- und Einerrepräsentation. Insgesamt wurde also das 
Hybride Modell bestätigt und sein Geltungsbereich durch die vorliegenden Daten erweitert. 
Es wird gefolgert, dass die Größen ein- und zweistelliger Zahlen unterschiedlich verarbeitet werden, 
da bei zweistelligen Zahlen zusätzliche Repräsentationen aufgebaut und verarbeitet werden. Die 
räumlichen Schemata, die bei der Größenverarbeitung einstelliger Zahlen eine Rolle spielen, sind 
abstrakt und universell und werden auch von anderen kognitiven Repräsentationen genutzt. 
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1. Theoretical and Empirical Foundations 
Here certain aspects of number semantics of one and two-digit numerals will be examined. In a 
broad sense number semantics comprises different properties of numbers, like number magnitude, 
number parity and divisibility by 3, 5 or 10 (Dehaene, 1992). Nevertheless, only magnitude 
representation of numbers will be investigated in the present work. Number magnitude 
representation may be described as a logarithmically compressed and left-to-right oriented mental 
number line (Dehaene, Bossini & Giraux, 1993). 
Number magnitude can be activated by different symbolic and non-symbolic number 
representations, like Arabic numbers, written number words (Dehaene & Akhavein, 1995; Fias, 
Reynvoet & Brysbaert, 2001) and dot patterns (Buckley & Gillman, 1974). The activation of number 
magnitude does not need to be exact, but may be estimated approximately. However, 
neuropsychological patients with lesions in the parietal lobes, more specifically in the cortical regions 
around the intraparietal sulcus (IPS) may have difficulties accessing number magnitude 
representations (Dehaene & Cohen, 1997). As a consequence, these patients may present selective 
impairments in their ability to understand, compare and manipulate number magnitudes. 
Among several cognitive models of number processing, the Triple-Code model is the most 
influential and will be presented in Section 1.1 as the starting point of the theoretical formulations 
about number magnitude representation. As will be described in Sections 1.1 and 1.2, the Triple-
Code model makes a distinction between the number magnitude representation and other number 
representations and relates them to their neuroanatomical correlates (e.g. Dehaene & Cohen, 1995). 
There are many behavioural and neurophysiological effects of activating number magnitude 
representations (see Section 1.3). In Section 1.4 two theories of magnitude number processing and 
their limitations will be discussed, regarding, for example, the association of number magnitude with 
response codes (the SNARC effect, see Section 1.3.2). A new integrative model (Conceptual Model) 
4 
will be proposed in Section 1.5, which tries to explain the association. Some empirical tests for the 
Conceptual Model will be discussed in Section 1.6. In three empirical studies some aspects of the 
Conceptual Model (Studies 1 to 3, Chapters 2 to 4) will be tested. 
Two-digit number magnitude involves specific cognitive processes, which are not present in one-
digit magnitude processing. Although early cognitive models have postulated two-digit number 
magnitude as an overall analog representation, recent studies provide evidence to be discussed in 
Section 1.7 that distinct representations of units and decades may be activated. Of special relevance 
is the unit-decade compatibility effect, which denotes the activation of separated semantic 
representations of units and decades (see Section 1.7.1). In Section 1.8 a cognitive model of two-digit 
number processing will be discussed, which assumes that separate representations of units and 
decades may be activated besides the overall magnitude representation of two-digit numbers (the 
hybrid model, Nuerk & Willmes, 2005). The generality of the predictions derived from hybrid model 
will be tested in three empirical studies. 
In Studies 4 to 6, (Chapters 5 to 7) attentional and instructional aspects of the hybrid model as well 
as its hemodynamic correlates in functional magnetic resonance imaging (fMRI) will be examined. In 
the General Discussion the results of the empirical investigations will be discussed in terms of the 
predictions made by the Conceptual model (Studies 1 to 3) and the hybrid model (Studies 4 to 6). 
   5 
1.1. Models of number processing 
Several different models of number processing have been proposed (Campbell, 1994; Cipolotti & 
Butterworth, 1995; Dehaene, 1992; Dehaene & Cohen, 1995, 1997; Dehaene, Piazza, Pinel & Cohen, 
2003; Deloche & Seron, 1987; McCloskey, 1992; Noel & Seron, 1993; for an overview see Deloche 
& Willmes, 2001). Most of them agree about the existence of notation specific representations which 
can account for the ability of normal human adults to comprehend and produce spoken and written 
numerals in either Arabic or verbal formats. However, many of these cognitive models are strongly 
focused on either number transcoding abilities (Deloche & Seron, 1987; Noel & Seron, 1993; 
Barrouillet, Camos, Perruchet & Seron, 2004) or learning and retrieval of arithmetic facts and 
algorithms (Campbell, 1994). These models do not make testable predictions about the 
representation of number magnitude and will not be considered further in this dissertation. 
Only two cognitive models take into consideration the magnitude representation of quantities 
independently of numeral format: the Triple-Code model by Dehaene (1992; Dehaene & Cohen, 
1995, 1997) and the cognitive structure model by McCloskey (1992). However, the models of 
Dehaene and McCloskey differ with regard to the architecture of connections between number 
magnitude and other number representations. McCloskey postulates that number magnitude is a 
central and amodal number representation, which mediates the relations between Arabic and verbal 
number representations. One of the most relevant predictions made by the cognitive structure of 
McCloskey is that number magnitude is activated in every task involving numbers. According to 
McCloskey (McCloskey, 1992; see also McCloskey, Caramazza & Basili, 1985 and Cipolotti & 
Butterworth, 1995), numerical input - written Arabic numerals, verbal numerals and spoken verbal 
numerals – is putatively encoded in an abstract magnitude code, which forms a bottleneck between 
input-specific numeral comprehension mechanisms and calculation as well as other numerical 
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production mechanisms. However, a large number of data, in which no effect of number semantics 
has been found, led to criticism of the model by McCloskey (Deloche & Seron, 1987). 
In contrast to the cognitive structure proposed by McCloskey, the Triple-Code model (Dehaene & 
Cohen, 1995) postulates three number representations, which are mutually connected with each 
other: two of them are notation-specific for Arabic numbers and verbal numbers and are non-
semantic. The third one is the notation-unspecific semantic number representation. In the next 
section, the Triple-Code model will be described. 
1.1.1. The Triple-Code model of Dehaene 
The Triple-Code model is by far the most influential model of numerical cognition. Since its first 
publication in 1992 the Triple-Code model could account for most relevant aspects of numerical 
cognition and has been validated by empirical evidence from patient studies (Cohen & Dehaene, 
1994, 2000; Dehaene & Cohen, 1997), priming and reaction time (RT) studies (Naccache & 
Dehaene, 2001a and 2001b; Dehaene & Akhavein, 1995), Positron Emission Tomography 
examinations (PET, Dehaene, Tzourio, Frak, Raynaud, Cohen, Mehler, & Mazoyer, 1996) as well as 
functional Magnetic Ressonance Imaging (fMRI) investigations (Schmithorst & Brown, 2004). The 
Triple-Code model is a model of the cognitive operations involved in number processing and has 
been extended to encompass the underlying neuroanatomical correlates (Dehaene & Cohen, 1995, 
1997). Furthermore, the Triple-Code model specifies the pathways for different types of calculation 
(Cohen & Dehaene, 2000) and an elaboration of the parietal structures underlying different number 
representations (Dehaene et al., 2003). 
The model comprises three mental number representations: a visual number representation, a verbal 
number representation and a semantic number representation (see Figure 1A). The visual number 
representation and the verbal number representation can be considered auxiliary representations, 
since (i) they are non-semantic and (ii) are more related to the surface format of numerical input and 
   7 
output processes. In contrast, the semantic number representation is an internal and abstract number 
representation and can be conceptualized as an oriented and logarithmically compressed mental 
number line (Dehaene, Dupoux & Mehler, 1990; Dehaene, Bossini & Giraux, 1993). The three 
number representations are functionally connected and can be translated from one format into 
another (e.g. from a visual Arabic format into an abstract number magnitude representation, or from 
the magnitude representation into a verbal output). Interestingly, not all numerical operations 
activate the semantic number representation, but may involve the direct connections between the 
visual number form and the verbal number representation. The non-semantic route between verbal 
and Arabic number representations can account for the performance in some tasks, which do not 
require activation of number magnitude like number transcoding (Deloche & Seron, 1987; Noel & 
Seron, 1993). The assumption of semantic and non-semantic routes for number processing provides 
the Triple-Code model with more flexibility and generality than the earlier cognitive models based 
exclusively on semantic (McCloskey, 1992) and non-semantic (Noel & Seron, 1993) number 
processing. In the following sections the three number representations and the neuroanatomical 
correlates of the Triple-Code model will be described in more detail. 
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Figure 1.1A and 1.1B Cognitive and neuroanatomical representations of the Triple-Code model and its neural 
correlates. 
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1.1.2. The visual (Arabic) number form 
The visual number form comprises the lexicon encompassing the visual forms of Arabic numbers. It 
is responsible for the recognition of the visual form of Arabic numbers and is assumed to be located 
bilaterally in the cortex of the occipito-temporal junction (Brodmann areas 19/37, see Figure 1B). 
However, the visual Arabic number form on the right and left side is not symmetrically connected 
with the other number representations. Consequently, the preserved/impaired abilities following 
lesions of temporo-occipital cortex depend on the side of the lesion. In the case of unilateral damage 
of the temporo-occipital cortex, the visual Arabic number form in the preserved hemisphere may still 
be able to recognize Arabic numbers. As can be seen in Figure 1B, only the left visual number form 
is directly connected with the number word and the magnitude representation (Cohen & Dehaene, 
1996). Therefore, overt naming and arithmetical operations with Arabic numbers are available only in 
the left hemisphere (Cohen & Dehaene, 1996). After callosal lesions, which interrupt the exchange of 
information between the left and right hemisphere, patients are still capable of identifying and 
comparing the magnitude of Arabic digits presented exclusively to the right or the left hemisphere 
(Cohen & Dehaene, 1996). However, these patients can name and execute arithmetical operations on 
numbers only if presented to the left hemisphere. In the right hemisphere, the connections of the 
visual Arabic number form are restricted to the magnitude representation (see Figure 1). Therefore, 
patients with a lesion in the right occipto-temporal cortex may still successfully read and compare 
magnitudes of Arabic numbers, because the visual Arabic number representation in the left 
hemisphere can reach both the number word and magnitude representation. Nevertheless, patients 
with a lesion in left occipto-temporal cortex are not any longer able to read Arabic numbers 
correctly, although they still can compare number magnitudes (Cohen & Dehaene, 1995). 
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The access of the visual number form to the magnitude representation seems to be largely automatic. 
In tasks involving Arabic number naming the magnitude representation is activated and modulates 
the speed and accuracy of naming (Fias, Reynvoet & Brysbaert, 2001; Damian, 2004).  
1.1.3. The number word form and the other verbal number representations 
The verbal number representations are more complex and involve a larger variety of cognitive 
representations than the visual Arabic number form. The verbal number representations include 
phonological and graphemical elements as well as lemma representations (Levelt, Roelofs & Meyer, 
1999). The number word representation is located exclusively in the left cerebral hemisphere, which 
is most frequently related to language representation (see Figure 1B). The number word 
representation activates a widespread network of cortical regions in the left temporal language areas, 
as well as subcortical regions, including the basal ganglia and thalamic nuclei. Number word 
representations are relevant for instance in transcoding tasks in which number words are named or 
written to dictation. Multiplication fact retrieval is also intimately related to the verbal representation 
since multiplication tables are learned by heart as verbal strings (see Section 1.2). Other examples of 
verbal strings learned by heart are the lyrics of songs and prayers. Lesions of the basal ganglia, 
thalamic nuclei and perisylvian cortical language areas have been associated with impairment of the 
ability to retrieve well learned verbal strings, and may lead to impairments in the retrieval of 
multiplication tables (e.g. Dehaene & Cohen, 1995, 1997). In the latest revision of the Triple-Code 
model Dehaene and colleagues (2003) have included the left angular gyrus in the network associated 
with verbal number representations. The left angular gyrus becomes activated in tasks involving 
arithmetical fact retrieval and multiplication in particular. 
In contrast to the visual Arabic number representation, the number word representation does not 
seem to activate the magnitude representation automatically. The association of number words and 
magnitude representation seems to be conditional on the nature of the task. In tasks involving 
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reading number words no effect of magnitude representation on performance may be found (Fias, et 
al., 2001a; Damian, 2004). In contrast, in tasks where magnitude information is relevant for the task, 
number words may elicit the activation of number magnitude representation. 
In some cases, aspects of reception and production of verbal number words may be impaired 
selectively. Benson and Denckla (1969) report the case of two patients with lesions of the left parietal 
lobes, who could recognize and point correctly to a written numeral when the number was given 
orally, but produced paraphasias (i.e. syntactically correct but semantically incorrect responses) when 
trying to read the written numerals. The patients examined by Benson and Denckla showed a 
preserved comprehension of number words, but could not produce the correct verbal form of 
written number words. 
1.1.4. Magnitude representation 
The magnitude representation is assumed to be a central and amodal representation of numbers in 
the Triple-Code model. It is assumed to be subserved by the bilateral cortical areas around the 
intraparietal sulcus (IPS, Dehaene et al., 2003, see Figure 1). However, Dehaene and colleagues 
(2003) also have included an additional semantic number representation as compared to the Triple-
Code model. They argue that the spatial aspects of number representation are functionally associated 
with cortical areas located in the posterior superior parietal lobe (PSPL) bilaterally, which generally 
subserves spatial and attentional processing (Corbetta, Miezin, Shulman, & Petersen 1993). The 
spatial and attentional processes in the PSPL are relevant for the magnitude representation of 
numbers on the so-called mental number line, which is spatially-oriented (see Dehaene et al., 1993, as 
well as Zorzi, Priftis, & Umiltà, 2002, for evidence from normal adults and neglect patients). The 
analog magnitude is semantic and non-verbal and is supposed to be independent of input notation. 
The format of the magnitude representation is basically spatial. Numerical quantities are assumed to 
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be spatially ordered on an analog and logarithmically compressed mental number line (MNL). Small 
number magnitudes are represented on the left of the MNL and larger numbers on the right. 
According to the Triple-Code model, numerical quantities are supposed to be represented in an 
analog format, like a vector length. From this assumption an important prediction about the 
semantic representation of two-digit numbers may be derived. Namely, that the analog magnitude 
representation is insensitive to the symbolic surface base-10 structure of numbers, which is supposed 
to be part of the verbal format (Dehaene & Cohen, 1995, p. 85; see Section 1.7.1. about the unit-
decade compatibility effect for further discussion on two-digit numbers). Another assumption of the 
Triple-Code model regarding the analog magnitude representation is the logarithmic compression in 
the MNL (Dehaene, 1989, Dehaene, et al., 1990, Brysbaert, 1995). The most relevant consequence of 
this assumption in that the numerical distances are represented on a logarithmical scale: the precision 
with which numerical distances can be discriminated is inversely proportional to the logarithm of 
their distances. In this sense, number magnitude obeys the Weber-Fechner law of psychophysics 
which holds for the processing characteristics of sensorial and perceptual dimensions (Nieder & 
Miller, 2003). The Weber-Fechner law states that the “…linear increments in perception/sensation S are 
proportional to the product of a constant k and the logarithm of stimulus [intensity] magnitude I, resulting in the 
equation S=k*log(I)” (Nieder & Miller, 2003, p. 149). The consequences of this assumption for the 
activation of semantic number processing as well as for the spatial orientation of the MNL will be 
elaborated in Sections 1.3.1 and 1.3.2. 
As described above, analog magnitude is assumed to be represented bilaterally in cortical areas 
around the IPS (see Figure 1B). These structures are richly connected through transcallosal fibres, 
which allow for strong interactions between the left and right hemisphere, when semantic number 
magnitude is processed (Ratinckx, 2001; Ratinckx & Brysbaert, 2002; Ratinckx, Nuerk, van Dijk, & 
Willmes, in press). Nevertheless, Goebel, Walsh and Rushworth (2001) have shown that “virtual 
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lesions” of the left or right angular gyrus through the application of transcranial magnetic stimulation 
(TMS) may disrupt the semantic processing of Arabic numbers. More interestingly, Goebel and 
colleagues (2001) have shown specificity of the angular gyrus for semantic number processing: TMS 
stimulation of parietal regions in the supramarginal gyrus adjacent to the angular gyrus may lead to 
no disruption of semantic number processing (but see Sandrini, Rossini and Miniussi, 2004, for 
further specification). 
Finally, the association of the IPS with number magnitude knowledge seems to be due to a genetic 
predisposition. Some candidate chromosomal loci have already been described in recent behavioural 
and brain imaging studies (Molko et al., 2003; Simon, Bearden, McDonald-McGinn & Zackai, in 
press). For instance, patients with a microdeletion in the 22.q11.2 chromosome region are known for 
their difficulties also with mathematics. Simon and colleagues have shown that the performance of 
22.q11.2-patients is not sensitive to number magnitude. Furthermore, an fMRI study (Eliez, Blasey, 
Menon, White, Schmitt & Reiss, 2001) has shown that when solving simple arithmetic tasks, 22.q11.2 
children perform worse than healthy children and show a stronger fMRI signal of the cortical regions 
around the left IPS. 
Another example of the association of cortical dysfunctions in the IPS with difficulties in number 
processing and arithmetic is the Turner syndrome. The Turner syndrome affects one woman out of 
2500 and is characterized by total absence of one chromosome X. Twelve Turner patients examined 
by Bruandet, Molko, Cohen and Dehaene (2004) have shown impairments in the estimation of 
number magnitude, subitizing (i.e. automatic visual recognition of the numerosity of small sets of 
objects), and calculation. Furthermore, Molko and colleagues (2003) have found an abnormal 
modulation of the fMRI signal in the intraparietal cortex related to number size in exact and 
approximate calculation tasks. Structural MRI revealed abnormal length, depth, and sulcal geometry 
of the right IPS, which suggests a structural disorganization of this region in the Turner syndrome. 
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1.2. Arithmetical operations and integration of the different number representations 
The three number representations postulated in the Triple-Code model may be useful not only for 
elementary numerical processes but also for characterizing the cognitive systems and the 
neuroanatomical structures involved in different forms of mental arithmetic. The Triple-Code model 
makes specific predictions about the representation of simple arithmetical operations like addition, 
multiplication, division and subtraction. Multiplication is typically associated with the storage and 
retrieval of rote verbal representations of arithmetical facts, which are assumed to be learned in a 
verbal format. In contrast, subtraction is intimately related to the manipulation of numerical 
quantities. Division and addition are mixed operations, where both verbal and magnitude 
representation may be activated. Simple addition facts, for instance, may be learned by heart, but 
more complex addition (and multiplication facts) most probably not. The dissociation between 
verbal and magnitude representation in simple arithmetic has been corroborated by a considerable 
amount of evidence from neuropsychological studies (Dehaene & Cohen, 1997; Cohen, Dehaene, 
Chochon, Lehéricy & Naccache, 2000), fMRI studies (Lee, 2000; Chochon, Cohen, van de Moortele, 
& Dehaene, 1999), and experimental psychological investigations (Lee & Kang, 2003). These pieces 
of evidence will be presented below. 
Dehaene and Cohen (1997) have presented two neuropsychological patients MAR and BOO whose 
performance pattern not only revealed the relevance of the verbal number representation for 
multiplication but also the relevance of the magnitude representation for subtraction. Patient MAR 
presented with a dysfunction of the analog magnitude representation. His performance in the 
estimation of numerical and physical quantity, approximate calculation, and judgment of numerical 
plausibility were impaired. More importantly, the performance of patient MAR in subtraction tasks 
was impaired in comparison to other arithmetical operations. Regardless of the difficulties with 
subtraction, patient MAR was able to solve multiplication and addition problems and recite rote 
numerical and verbal sequences. 
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In contrast, the second patient described by Dehaene and Cohen (1997; see also Cohen & Dehaene 
2000) presented a completely different pattern of performance. Patient BOO showed a dysfunction 
of access to rote verbal number representations, which spared the semantic representation of 
numbers but impaired performance in reciting sequences, exact calculation tasks, mainly when 
calculation involved multiplication tables and the retrieval of rote verbal representations. Irrespective 
of such deficits, patient BOO could estimate quickly and correctly numerical and non-numerical 
magnitudes. 
A pattern of performance to some extent similar to that of patient BOO was reported by Cohen and 
colleagues (2000) for patient ATH. This patient had suffered a lesion in the left perisylvian area 
leading to aphasia, deep dyslexia and acalculia. An fMRI examination of patient ATH evidenced 
spared performance in subtraction tasks combined with larger activation around the right IPS 
(Talairach coordinates: 28, -48, 56, Talairach & Tournoux, 1988). Furthermore, patient ATH showed 
poorer performance in multiplication tasks which was associated with the activation of a small spared 
region in the left angular gyrus and the left posterior IPS (Talairach coordinates: -12, -64, 48). 
Differences in brain activation related to arithmetical operations can be observed also in normal 
adults. The fMRI study by Lee (2000) has shown that retrieving multiplication facts activates 
predominantly the left angular gyrus whereas estimating number magnitude and solving subtraction 
problems activates predominantly the cortex around the IPS bilaterally. The observations of 
Chochon and colleagues (1999) confirm and extend the evidence about functional specialization in 
the right and left parietal cortex. The fMRI signal was stronger in the right intraparietal cortex during 
a comparison task and in the left IPS during a multiplication task. The fMRI signal in both left and 
right intraparietal cortex was very intense during a subtraction task. 
Finally, different supervisory control systems seem to be involved in the performance of 
multiplication and subtraction. Lee and Kang (2003) reported recently that in dual task paradigms 
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visuospatial distractors interfere more with subtraction than with multiplication, whereas verbal 
distractors interfere more with multiplication than with subtraction. 
In summary, verbal and magnitude representation described in the Triple-Code model interact with 
each other in different tasks. As observed by Dehaene and Cohen (1995), the Triple-Code model 
associates the verbal number system with performance in exact arithmetic and the retrieval of 
multiplication facts, which are typically stored in verbal format. In contrast, the Triple-Code model 
associates the semantic magnitude representation with approximate arithmetic and the general ability 
to estimate quantities and numerosity. This semantic representation is paradigmatically associated 
with subtraction, but may be relevant also for solving larger addition and division problems. 
In the following section the spatial aspects of the number magnitude representation will be examined 
in more detail.  
1.3. The Properties of Number Magnitude Representation 
Number magnitude is the most salient and possibly the most important semantic number 
representation. It is automatically activated in semantic and non-semantic tasks involving numbers 
(Brysbaert, 1995, Fias, Brysbaert, Geypens, & d´Ydewalle, 1996), even when numbers are irrelevant 
(Fias, Lauwereyns, & Lammertyn, 2001b) or when they are presented unconsciously (Koechlin, 
Naccache, Block, & Dehaene, 1999; Naccache & Dehaene, 2001a and 2001b). Behavioural studies 
(Dehaene et al., 1990, Brysbaert, 1995, Nuerk, Weger & Willmes, 2001) and fMRI studies (e.g. Pinel, 
Dehaene, Riviére, & LeBihan, 2001) indicate that numerical distance is represented on a 
logarithmically compressed mental number line (Dehaene et al., 1993). These pieces of empirical 
evidence have already been modelled in a neural network model by Dehaene and Changeaux (1993). 
As described above, the number magnitude representation is not only a cognitive construct but it 
also has its neuroanatomical correlates. As already mentioned in Section 1.1.1 about the Triple-Code 
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model of Dehaene and Cohen, number magnitude is represented bilaterally in cortical areas around 
the IPS (Dehaene, et al., 2003; Eger, Sterzer, Russ, Girald & Kleinschmidt, 2002). 
The hemodynamic correlates of semantic number processing also can be traced down to the activity 
of single neural cells. Recent studies reported about cells in prefrontal and parietal cortex of monkeys 
which were tuned to specific magnitudes (Nieder, Freedman & Miller, 2002; Dehaene, Molko, Cohen 
& Wilson, 2004). These cells responded maximally to a specific number of dots from 1 to 5 and to a 
lesser degree to other numbers, proportionally to their distance from the preferred number. 
Interestingly, cell responses were specific to the number of dots presented but independent of their 
visual configuration, which was examined using seven different control conditions. Furthermore, 
Nieder and colleagues (2002) have found that cells sensitive to larger magnitudes (e.g. 4 or 5) have a 
larger receptive field than cells sensitive to smaller magnitudes (e.g. 1 or 2). Cells sensitive to larger 
magnitudes have shown a larger dispersion of responses for non-preferred magnitudes than cells 
sensitive to smaller magnitudes. In a second study, Nieder and Miller (2003) have examined the 
decay of response for cells sensitive to small and large magnitudes. They have found that behavioural 
responses and neural spike rates were better described by a logarithmically compressed scale 
(behavioural: R²=98%, neural: R²=96%) than by a linear relationship (behavioural: R²=93%, neural: 
R²=84%). These findings provide strong support for the idea that semantic number magnitude is 
represented in a logarithmically compressed format. 
Although a considerable proportion of investigations about semantic number processing is 
concerned with the distance between numbers, numerical distance is not the only aspect of 
magnitude representation. Behavioural and fMRI studies have shown that problem-size may be a 
relevant predictor of RT (Nuerk, et al., 2001) and of fMRI signal intensity around the IPS (Stanescu-
Cosson, Pinel, van de Moortele, Le Bihan, Cohen, & Dehaene, 2000). 
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There are three principle effects indexing activation of the semantic number representation: the 
distance effect, the SNARC (Spatial Numerical Association of Response Codes) effect and the 
problem-size effect. The first two effects will be described briefly in the next sections. 
1.3.1. The distance effect 
The distance effect offers the most direct way to assess the activation of the semantic number 
representation. It was described for the first time by Moyer and Landauer (1967), who have found 
that choosing the larger number is faster when numerical distance is large (e.g. 5 and 9, with a 
distance of 4) than when distance is small (e.g. 5 and 6, with a distance of 1). Recently, the distance 
effect has been replicated in a large variety of experimental manipulations, such as conscious and 
unconscious priming (Koechlin et al., 1999; Naccache & Dehaene, 2001a and 2001b; Brysbaert, 
1995; Reynvoet & Brysbaert, 1999) and two-digit number comparison (Dehaene et al., 1990). In 
priming experiments a smaller distance between prime and distractor may facilitate responses and 
reduce the latencies of both key pressing and naming (Reynvoet & Brysbaert, 1999). In contrast, in 
tasks involving overt magnitude comparison, a smaller distance between numbers may increase the 
latency of responses (Nuerk et al., 2001). 
The activation of number magnitude does not seem to be specific for symbolic verbal and Arabic 
number representations (Dehaene & Akhavein, 1995; Nuerk, Weger & Willmes, 2002a, 2004a), and 
can be triggered by other non-symbolic magnitudes like stimulus size (Tzelgov, Meyer & Henik, 
1992) and visual numerosity (Buckley & Gilman, 1974). Magnitude information from different 
sources may be encoded and may activate congruity relations between symbolic and non-symbolic 
magnitudes. One of the most relevant consequences of the formation of such congruity relations is 
numerical Stroop interference. In numerical Stroop tasks, non-numerical magnitudes like the physical 
size of stimuli (Tzelgov et al., 1992, Pansky & Algom, 1999, Schwarz & Heinze, 1998) or stimulus 
numerosity (Pavese & Umiltà, 1999; Pansky & Algom, 2002) may modulate the semantic processing 
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of Arabic numbers and vice versa. For instance, the physical size of Arabic numbers may influence 
judgements about Arabic number magnitude (Tzelgov et al., 1992, Pansky & Algom, 1999). The 
most accepted explanation for the distance effect is that numerical and non-numerical magnitudes 
are encoded in an abstract format on the mental number line according to logarithmical relations (cf. 
Restle, 1970). Magnitudes located more closely on the mental number line are more difficult to 
discriminate than numbers located far away. The extra cognitive effort necessary to discriminate 
numbers located more closely together can explain the distance effect and numerical Stroop 
congruity. 
The distance effect is associated with specific hemodynamic correlates. Like other indicators of 
semantic number processing, the distance effect modulates cortical activity around the IPS. Two 
fMRI studies (Pinel, Le Clec’H, van de Moortele, Naccache, Le Bihan & Dehaene, 1999, Pinel et al., 
2001, Pinel, Piazza, Le Bihan & Dehaene, 2004) have shown stronger activation in cortical areas in 
the vicinity of the IPS bilaterally when the distances between target and standard are small than when 
the distances are large. Furthermore, Pinel and colleagues (2001) have found that the logarithm of 
the distances between target and standard was a better predictor not only of behavioural responses, 
but also of the size of the fMRI signal around the IPS. 
1.3.2. The SNARC (Spatial Numerical Association of Response Codes) effect 
The SNARC (Spatial Numerical Association of Response Codes) effect describes an interesting 
association of number magnitude with left-right response codes, namely that the left hand responds 
faster to smaller numbers while the right hand responds faster to larger numbers. The SNARC effect 
was reported for the first time in 1993 by Dehaene and colleagues. The SNARC effect lent support 
to the term “mental number line”, since the SNARC effect is compatible with a mental representation 
of number magnitude which leads to ordering small and large magnitude on a continuum oriented 
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from left to right. When the response codes are spatially congruent with the location of the stimulus 
number on the mental number line, responses are fast and otherwise slow. 
The SNARC effect is independent of a special training in mathematics and of handedness (Dehaene 
et al., 1993, Experiments 1 and 5, respectively). However, the SNARC effect depends on the reading 
direction. Iranian participants (who read from right to left in Farsi) have presented a regular SNARC 
effect after living for a long time in France and having become familiar with left-to-right reading. 
However, Iranian participants living in France only for a short time tended to show an inverted 
SNARC effect (Experiment 7, Dehaene et al., 1993). Furthermore, the association of left-right 
responses with number magnitude might not be determined by the specific motor effectors used for 
pressing the response keys but by the (allocentric) abstract orientation of the mental number line. 
When participants respond with crossed hands, the right hand is faster responding to smaller 
numbers and the left hand to larger numbers. 
Dehaene and colleagues (1993, Experiment 4) have examined the generality of the magnitude 
representation with non-numerical stimuli. When participants judge the parity of the position of 
letters ACE (odd positions) and BDF (even positions) in the alphabet, no SNARC effect can be 
found in RT, suggesting that the SNARC effect is specific for numerical stimuli. Nevertheless, as 
observed by Gevers, Reynvoet and Fias (2003, 2004), the null effect reported by Dehaene and 
colleagues may be explained by task requirements. Gevers and colleagues (2003a, 2004) have shown 
that a significant SNARC effect may be obtained for non-numerical stimuli like letters, months and 
days of the week, when the task requires the explicit retrieval of the position of items in relation to a 
standard (e.g. judging whether the days of the week Sunday, Monday, Tuesday, Thursday, Friday and 
Saturday come before or after Wednesday). 
One of the most relevant findings concerning the SNARC effect was reported by Baechthold, 
Baumueller and Bruegger (1998). They have shown the relevance of the mental model of number 
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magnitude for the association of response codes. Specifically, they told participants to judge the 
magnitude of numbers 1 to 5 and 7 to 11 in relation to the standard 6. In the first part of the 
experiment, participants were shown a schematic representation of a ruler and trained to conceive 
numbers as indicators of distances in cm. However, in the second part of the experiment, 
participants were shown a schematic representation of a clock-face and instructed to conceive 
numbers as the hours of the day. The results were very clear. A regular SNARC effect was found 
when numbers were conceived as distances on a ruler, but the SNARC was inverted when numbers 
were conceived as the hours on a clock-face. The study of Baechthold and colleagues (1999) shows 
that the SNARC effect results from the activation of a mental schema describing the association of 
number magnitude with the left and right sides of space, revealing that the numerical interval 
activated on the MNL might be a transient memory representation. Furthermore, they show how 
different mental schemata, which may be replaced easily, may determine the SNARC effect. 
Developmental studies have shown that children may activate an association of number magnitude 
with response codes already in 3rd grade (Berch, Foley, Hill & McDonough-Ryan, 1999). The 
association of number magnitude with response codes seems not to be fixed, but can be changed by 
contextual features of the experimental setup. As already observed by Dehaene and colleagues (1993, 
Experiment 3) and replicated by Fias and colleagues (1996), the association of number magnitudes 
with left or right response codes depends on the numerical interval introduced in the experiment. 
Dehaene and colleagues (1993) told participants to judge the parity of Arabic numbers in the interval 
0 to 5. In the second part of the experiment they told participants to judge the parity of Arabic 
numbers in the interval 4 to 9. If magnitudes were rigidly associated with left and right response 
codes depending on the absolute number magnitude, the RT for numbers 4 and 5 in both 
experiments should have been comparable. However, this did not happen. In the first part of the 
experiment, the numbers 4 and 5 were responded to more slowly with the left hand and faster with 
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the right hand. But in the second part of the experiment the numbers 4 and 5 were responded to 
faster with the left hand and more slowly with the right hand. These results may suggest that the 
SNARC effect depends on the numerical interval envisaged in each experimental context. Therefore, 
the SNARC effect may not represent a rigid association of numbers with response codes, but a 
flexible association of numerical intervals and response codes, which can be easily modified and 
flexibly changed from one context to another. 
The SNARC effect seems not to be exclusively associated with the left-right spatial dimension. 
Schwarz and Keus (2004) have examined the SNARC effect using saccadic eye-movements to 
different locations on a computer screen. When movements had to be executed in the vertical 
dimension, large numbers have shown a clear preference for locations above while small numbers 
have shown a preference for locations below. The SNARC effect found by Schwarz and Keus (2004) 
with vertical saccades suggests that a map of spatial number congruity in the vertical dimension may 
be formed. Unfortunately, Schwarz and Keus (2004) did not collect data with vertical hand 
responses, which could be informative about the generality of this map of congruity above-
large/below-small found for saccades. Nevertheless, Ito and Hatta (2004) have examined Japanese 
participants responding with response keys aligned in the midline of the body. In two different 
experiments they examined the SNARC effect for the assignment of right hand-above/left hand-
below (Experiment 2A) and right hand-below/left hand-above (Experiment 2B). In both 
experiments the SNARC effect was found to be oriented in the direction below-above independent 
of the position of hands. In summary, the preference of large and small magnitudes for locations 
above or below in the vertical dimension deserves some further consideration, since this suggests the 
existence of a map of magnitude more complex than a simple MNL oriented from left to right. 
Finally, a SNARC-like interference of number magnitude with performance in tasks involving pure 
spatial cognition has been reported. For instance, Fischer (2001) observed that number magnitude 
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can bias purely spatial judgements in tasks like the line-bisection task (Fischer, 2001) and even in very 
simple tasks like a visual detection task (Fischer, Castel, Dodd, & Pratt, 2003). 
In summary, the SNARC effect results from the association of the orientation of the mental number 
line with left-right response codes. The MNL may be considered as a mental schema which assists in 
organizing the representation of number magnitude. As suggested by the results of Experiment 3 by 
Dehaene and colleagues (1993), the relative position of numbers on the MNL is not rigidly defined 
by absolute magnitude representations, but by context and interval-dependent associations which 
may be changed flexibly (see Graf, Nuerk & Willmes, 2003, for the SNARC effect from 0 to 99). 
Furthermore, the SNARC effect is not found exclusively for numerical stimuli, but may be elicited by 
non-numerical stimuli, that have an ordering. Finally, the SNARC effect suggests that number 
magnitude is represented in a spatial format, since number magnitude may lead to the introduction 
of spatial bias in tasks involving purely spatial representations. In the next section the spatial nature 
of the number semantic representation will be discussed in the light of some new behavioural and 
fMRI studies and some theories which try to relate number magnitude and spatial cognition. 
1.3.3. The spatial nature of number representation 
An fMRI study of Fias, Lammertyn, Reynvoet, Dupont and Orban (2003) has revealed that 
judgments about Arabic numbers, line lengths and geometric angles may activate a common neural 
substract in the parietal lobes. Another fMRI study by Pinel and coworkers (2004) has refined the 
observations of Fias and colleagues (2003) in that they not only found large overlap between the 
parietal regions activated when judgments about size, luminance and number magnitude had to be 
carried out, but that the amount of overlap was proportional to the amount of cross-dimensional 
interference between the different tasks. Fias and colleagues (2001b) have tried to conceptualize this 
association of semantic numerical with spatial processing in terms of the overlap between their 
neural implementations. Number magnitude is known to be intimately associated with the IPS and 
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posterior parietal regions (Dehaene et. al. 2003). The argument of Fias and colleagues is that the 
activation of number magnitude even when it is irrelevant for the task may be determined by the 
overlap between neural correlates of the relevant dimension of stimuli and the neural correlates of 
number magnitude. They call this conceptualization neural overlap theory. They predict that when the 
relevant dimension of stimuli depends strongly on parietal representations (e.g. spatial orientation), 
number magnitude should be activated more strongly than when the relevant stimulus dimension is 
not related to parietal representations (e.g. colour or shape discrimination). Fias and colleagues 
(2001) have examined the activation of semantic number magnitude in different experiments, where 
the task was more or less related to the activation of parietal resources. They observed a significant 
SNARC effect for irrelevant Arabic digits presented in the background for tasks involving 
orientation judgment (Experiments 1 and 4), but no SNARC effect for tasks involving shape 
(Experiment 5) or colour discrimination (Experiments 2 and 3). The behavioural results of Fias and 
colleagues seem to corroborate the neural overlap theory. However, Keus and Schwarz (in press) have 
recently found a significant SNARC effect in a task of colour discrimination. Furthermore, Fias and 
colleagues (1996) have found a significant SNARC effect in a task of phoneme /e/ detection, which 
may be only indirectly associated with the activation of parietal representations. 
The spatial representation of numbers may influence performance even in very simple spatial tasks. 
Fischer and colleagues (2003) have shown that in a simple visual detection task number magnitude 
facilitated responses compatible to the position of number magnitudes on the mental number line. In 
an investigation about the numerical abilities of hemineglect patients (Zorzi et al., 2002) have shown 
that a deficit in the representation of the left side of space may generalize to the representation of the 
mental number line. When neglect patients were asked to find the arithmetic mean of two numbers, 
they tend to overestimate the mean value. For instance, when they are asked to answer “what is the 
mean between 1 and 9?” the four hemineglect patients studied systematically produced a response 
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larger than 5. This apparently bizarre deficit in arithmetical knowledge may be explained in spatial 
terms. When asked to bisect lines on a sheet of paper, hemineglect patients show a systematic 
response bias to the right side that may be attributed to a deficit of attending to (Posner, Walker, 
Friederich, & Rafal, 1984; 1987) or mentally representing the left side of space (Bisiach & Luzzatti, 
1978). Therefore, an overestimation of the numeric value of the mean of two numbers may be 
interpreted as a distorted representation of the left portion of the mental number line. 
An integrative account of the association of number magnitude with spatial processing was recently 
proposed by Walsh (2003). Walsh attributes the quantification of time, space and number magnitude 
to a single abstract magnitude representation in his ATOM theory (A Theory Of Magnitude). 
Furthermore, Walsh attributes the neurofunctional correlates of the magnitude representation to the 
posterior parietal lobes and particularly to the cortex around the IPS. Nevertheless, the approach of 
Walsh is underspecified as far as the determinants of the interactions between the representations 
magnitude in space, time and number magnitude are concerned. ATOM does not specify the 
contextual determinants of the interactions between representations. Therefore, ATOM can hardly 
be falsified on empirical grounds, because the strength of interactions between time, space and 
number magnitudes and their determinants in different contexts and tasks are not specified. 
In summary, a large amount of empirical evidence seems to support the view that number 
comparison rests on a spatial format. fMRI studies have shown that number magnitude activates 
regions of parietal cortex, which are also responsible for the comparison of non-symbolic 
dimensions of stimuli. Furthermore, behavioural studies with healthy participants and hemineglect 
patients have revealed that (i) the activation of spatial associations may be produced by numbers 
even in simple detection tasks, and that (ii) numerical cognition may be distorted by deficits in the 
representation of space. Moreover, the determinants of the interactions of number magnitude with 
other spatial representations still need a more precise specification. 
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1.4. Some limitations of the existing accounts for the SNARC effect 
ATOM (Walsh, 2003) and neural overlap theory (Fias et al., 2001b) are theories about semantic 
magnitude processing but not necessarily theories about the SNARC effect. Both theories make 
general predictions about the association of semantic number processing and spatial cognition but 
are too general as far as the SNARC effect is concerned. For instance, they do not predict the right-
large/left-small association of number magnitude and response codes, which is the most important 
characteristic of the SNARC effect. Furthermore, both ATOM and neural overlap theory only refer to 
the MNL in an unspecific way and do not specify the conditions under which the orientation of the 
MNL is relevant for semantic number processing. 
For these reasons a more specific model of the SNARC effect should be developed, which integrates 
existing empirical data and guides investigations on the SNARC effect. In the next section a 
cognitive model of the SNARC effect will be proposed. 
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1.5. A new account for the SNARC effect 
Here an adapted model of the SNARC effect will be proposed, which tries to address the following 
topics: (i) interaction of the spatial stimulus codes with semantic number processing, (ii) the 
relevance of different spatial frames of reference for the SNARC effect, (iii) the interaction Simon 
effect by SNARC effect and (iv) general predictions about the influence of tasks, stimulus modality 
and stimulus format on the SNARC effect. 
The model proposed is called the Conceptual Model for the SNARC effect, because it relies strongly 
on the characterization of the MNL as a conceptual schema for number magnitude. The model is 
schematically represented in Figure 2. 
 
 
 
 
 
 
 
 
Figure 1.2 Schematic representation of the Conceptual Model of the SNARC effect. When Arabic digits are 
processed semantically, they activate a mental schema of number magnitude, the MNL, which is left-to-right oriented. 
The MNL associates small numbers with the left side of space and large numbers with the right side and may activate 
an object-related spatial frame of reference, with respect to which the association of response codes is established. The 
mental number line is activated transiently in each experimental context by asymmetries in the mapping of spatial codes 
used in perception and in action. 
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The structure of the Conceptual Model of the SNARC effect is simple, but the modus operandi of the 
cognitive processes described in the model may be determined by context-specific spatial codes, 
which will be specified in more detail below. 
The input for the Conceptual Model of the SNARC effect comes from the encoding systems. The 
information from encoding systems is non-semantic. Encoding systems include numerical and non-
numerical stimuli in both visual and auditory format, which carry numerical information and may 
gain access to the semantic number representation. Arabic numbers, written number words, dice 
patterns and auditory number words may be processed by the encoding systems, since all of them 
activate the association of semantic magnitude and response codes and produce a significant SNARC 
effect (Study 3 of this dissertation). In analogy with the Triple-Code model (Dehaene & Cohen, 
1995) both visual Arabic number form and the number word representation can be considered 
encoding systems in the Conceptual Model of the SNARC effect. 
As mentioned above, the numerical input from the encoding systems gains access to the semantic 
number representation. The separation between the semantic number representation and the mental 
schema may look somewhat didactic, because in the Conceptual Model the activation of a semantic 
number representation implies the activation of a mental schema as a moderating factor of semantic 
representation. The mental schema may be considered a moderating factor when semantic number 
representations are activated. One important aspect of the influence of the number magnitude on the 
mental schema is the definition of a numerical interval, which will be represented as a mental 
schema. As shown by Dehaene and colleagues (1996, see also Fias et al., 1996), the SNARC effect is 
specific for and depends on the activation of a numerical interval in working memory. When the 
numerical interval is 0-5, numbers 4 and 5 are responded faster to by the right hand, but when the 
interval comprises numbers 4 to 9, the left hand responds faster to numbers 4 and 5. Except for 
these aspects, the differentiation between semantic number representation and mental schema is not 
decisive for the properties of the Conceptual Model relevant for the SNARC effect.  
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The mental schemata are program-like well-integrated packets of information about the world, 
events or actions (Shallice, 1991; Eysenck, 2001) which may be used to structure the knowledge 
about the world. Specifically, the mental schemata may be used to structure semantic manipulations 
on numbers and may be useful for guiding conceptual operations with numbers (Meeuwissen, 
Roelofs & Levelt, 2003, 2004). There are many possible mental schemata which may be used to 
guide semantic number processing. For instance, Baechthold and colleagues (1998) have trained 
participants to use concrete objects like a clock-face or a ruler as mental schemata to guide the 
association of number magnitude with response codes. As described in the introduction, Baechthold 
and colleagues have trained participants to consider numbers from 1 to 5 and 7 to 11 as distances on 
a ruler or as time on a clock-face and compare the numbers with the standard 6. When tested for the 
association of response codes, participants associated larger numbers with the right side and smaller 
numbers with the left in the “ruler” condition. However, in the “clock” condition they showed the 
inverse pattern of responses, associating larger numbers with the left side and smaller number with 
the right. 
For the Conceptual Model of the SNARC effect only visuo-spatial schemata are of interest, because 
they present two important properties which are determinants of the SNARC effect. The first one 
concerns the activation of a congruity map. Since visuo-spatial schemata have properties like mental 
objects, their spatial structure may activate a mapping of spatial codes. The MNL, for instance, is a 
mental schema of number magnitude which is oriented from left to right and assigns small numbers 
to the left and large numbers to the right side. The map of spatial codes generated by the MNL 
facilitates the association of small-left and large-right, but impairs the association of large-left and 
small-right. 
The second important property of mental schemata is that they generate their own object related 
frame of reference for guiding behaviour. This implies that the map of spatial codes generated by the 
MNL refers to the left and right halves of itself and not necessarily to other allocentric or egocentric 
30 
frames of reference. Consequently, it should be possible to isolate the mapping activated by the 
MNL from those activated by other allocentric and egocentric spatial frames of reference. 
After the semantic representation of a number has been encoded and assigned to a certain position 
in the map of spatial codes, it may influence the selection of motor responses. The Conceptual 
Model of the SNARC effect assumes that the activation of semantic number representations 
modulates the time to select the correct motor response but does not lead to the pre-selection of an 
automatic response. An important consequence of this prediction is that semantic number 
processing does not induce the early preparation of an automatic and incorrect motor response. 
Therefore the ERP recordings over the motor cortex may not evidence the preparation of an 
automatic response when the motor responses required are incompatible with the mapping of 
response codes activated by the orientation of the MNL. 
Finally, some words about the interaction of the mental schema with the translation of information 
from encoding systems to number magnitude and from number magnitude to response selection is 
necessary. 
The connection between the MNL and response selection is the most important determinant for the 
occurrence of the SNARC effect, because this connection describes the influence of the MNL on the 
selection of motor responses. As pointed out above, mental schemata in general and the MNL in 
particular activate a map of spatial codes. Small numbers are assigned to the left side of the MNL 
and large numbers to the right side. When responses are bimanual, an asymmetrical association of 
response codes with the MNL may occur when a left response is required for a large number and a 
right response for a small number. The direct consequence of this asymmetry is the occurrence of a 
SNARC effect. In most cases the response codes may be easily classified as right or left. Whenever 
the response codes can be classified as right or left according to the coordinates of the MNL, the 
SNARC effect will be present and will follow the abstract orientation of the MNL. Interestingly, 
there are some cases when response codes cannot be classified as right or left according to the 
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orientation of the MNL (e.g. when response keys are aligned with the midline of the body, see Study 
1, Figure 2.2). In these cases the second property of the MNL, namely, the MNL-centred frame of 
reference may not affect responses. Nevertheless, the first property of the MNL remains relevant for 
performance: the spatial assignment of magnitudes to left and right locations. 
In the domain of non-semantic stimuli, Heister, Schroeder-Heister & Ehrenstein (1990) have 
proposed a hierarchical model for describing the coding of stimulus-response compatibility. In the 
model proposed by Heister and colleagues the spatial coding of response keys may prevail over the 
spatial coding of the effector position and the spatio-anatomical mapping, and the spatial coding of 
the effector position may prevail over the spatio-anatomical mapping. In the domain of semantic 
number processing, this hierarchy seems to be dominated by the coordinates generated by the left-
right axis of the MNL. However, one may assume that when the orientation of the MNL is not 
informative as regards the compatibility map, other forms of spatial coding may be present. 
Therefore, the Conceptual Model predicts that the SNARC effect may occur even when the 
orientation of the MNL is not informative about left and right response codes, if according to some 
other spatial frame of reference left and right response codes may be discriminated. 
The connection between the MNL and encoding systems also seems to be relevant for the SNARC 
effect. On the side of stimulus perception, a map of spatial codes may be activated, when the stimuli 
contain salient spatial information. These stimulus-related maps of spatial codes may interact with 
the map produced by the MNL and may produce a form of perceptual SNARC effect, in accord with 
the Conceptual Model of the SNARC effect. Depending on the relevance of the MNL for the task, 
the semantic MNL may be activated and actively interfere with other spatial representations. 
Consequently, the MNL seems to modulate indicators of spatial processing like the Simon effect. On 
the other side, when the MNL is not relevant for the task, the activation of number magnitude may 
be modulated by other spatial representations. A clear example of the interaction between the MNL 
and stimulus-related spatial processing was given by Fischer and colleagues (2003). They have 
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demonstrated that the MNL may facilitate the visual detection of non-semantic targets presented 
laterally. When Arabic numbers are used as cues for the detection of non-semantic targets, smaller 
magnitudes facilitate the detection of targets on the left side while large number magnitudes facilitate 
the detection of targets on the right side. Since there was only one response code in that study, the 
modulation of performance due to semantic number processing may occur at the stage of stimulus 
location processing.  
A special case of interaction between the MNL and other spatial representations is treated in the 
neural overlap theory (Fias et al. 2001b). Fias and colleagues argue that the MNL might be more 
automatically activated when other spatial manipulations are relevant for the task at hand. They have 
shown that a significant SNARC effect can be found for irrelevant Arabic stimuli presented in the 
background when the task at hand involved the judgement of spatial orientation (Experiments 1 and 
4). Accordingly, the same irrelevant Arabic stimuli produced no SNARC effect in tasks involving 
shape (Experiment 5) or colour discrimination (Experiments 2 and 3). Nevertheless, the predictions 
of the Conceptual Model of the SNARC effect concerning interactions of the MNL with other 
spatial representations are not specific for tasks involving relevant spatial representations, but may be 
extended also to tasks involving irrelevant spatial relations. When increasing the saliency of the MNL 
or other spatial representations, either on the side of stimulus or response codes, the interaction 
between numerical and non-numerical spatial representations is expected to increase1.  
A last property of the Conceptual Model will be mentioned before passing on to the formulation of 
the empirical studies. The mental schemata are activated in working memory and may interact with 
spatial coding from both stimulus and response. The spatial coding related to the MNL may interfere 
with any stimulus or response codes which are activated in the same time window. Therefore, when 
                                                 
1 Note that the saliency of different spatial representations should not be confounded with the 
relevance of these representations for performance. The saliency of a certain dimension of stimulus 
or response may be increased by increasing the discriminability of this dimension (Pansky & Algom, 
1999), or by producing associations between this dimension and other dimensions of the 
experimental set (Algom, Dekel & Pansky, 1996).  
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two motor tasks involving lateralized stimulus or response codes are performed in rapid succession 
and the spatial coding of the MNL is necessary for responding in the second task, it may interfere 
with performance in the first task. In the literature about stimulus-response compatibility the 
automatic integration of stimulus response episodes has been called backward compatibility and has 
been carefully formulated by Hommel (1998, see also Hommel, Müsseler, Ascherleben & Prinz, 
2001). Caessens, Hommel, Reynvoet and van der Goten (2004) provided evidence for the activation 
of backward compatibility involving numeric and non-numeric tasks. The authors have shown that 
when a task involving lateralized responses to non-semantic stimuli (task 1) is performed in parallel 
with another task involving numerical material (task 2) the mapping of the SNARC effect activated 
by task 2 may modulate performance in task 1. 
Summarizing, the most important mental schema in the domain of one-digit number magnitude 
seems to be the MNL. According to the Conceptual Model, activation of the MNL determines the 
SNARC effect in two ways: (i) the MNL assigns number magnitudes to left and right response codes, 
and (ii) the MNL provides a frame of reference for locating left and right response codes. On some 
occasions the frame of reference provided by the MNL may not help to discriminate left and right 
response codes. Whenever this occurs, other forms of spatial coding may be engaged and may 
produce the SNARC effect according to their own definition of left and right response codes. The 
MNL may interfere with the activation of response codes but also with stimulus-related spatial codes. 
One important consequence of the Conceptual Model is that there is no need to define the SNARC 
effect as an association of response codes, since some forms of spatial numerical associations may be 
independent of response codes. 
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1.6. Open questions about one-digit numbers: the SNARC effect and the Mental Number 
Line 
The Conceptual Model of the SNARC effect makes many testable predictions about the occasions 
when a SNARC effect should be expected and about which spatial frames of reference determine the 
association of response codes. Furthermore, the Conceptual Model predicts that, depending on the 
exact stimulus location and the nature of the experimental task, the SNARC effect might not be 
restricted to response codes, but may involve stimulus codes. 
In the Studies 1 to 3 of this dissertation some predictions of the Conceptual Model about the 
SNARC effect will be tested. The research questions may be summarized in the following topics: 
1- May allocentric and egocentric frames of reference determine the SNARC effect? 
2- Should the SNARC effect be considered to be basically a response-related effect, or are there 
some features of Arabic number processing, like their spatial location, which may modulate the 
SNARC effect? 
3- Does the SNARC effect interact with the Simon effect? If yes, which are the determinants of this 
interaction? 
4- Can the SNARC effect be modulated by stimulus modality –auditory vs. visual- or stimulus format 
– Arabic numbers, number words and dice patterns? 
In the next section magnitude processing of two-digit numbers will be introduced. Some authors 
have previously postulated that two-digit number magnitude can be described by an overall analog 
representation. However, more recent studies provide convincing evidence that units and decades 
may activate separate magnitude representations parallel to the overall analog representation. These 
pieces of evidence will be described in the next sections, and the hybrid model of two-digit semantic 
number processing will be presented.  
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1.7. Two digit semantic number processing 
Dehaene and colleagues (1990) were the first to present a holistic model of two-digit semantic 
number processing. One of the more important predictions of the holistic model is that when two-
digit numbers are compared for their abstract magnitude both units and decades are activated, 
because their magnitudes are integrated into a single analog and logarithmically compressed 
magnitude representation. The holistic model proposed by Dehaene and colleagues (1990) claims 
that the semantic processing of two digit numbers occurs in a similar way as one-digit number 
processing: namely, that the magnitude of two-digit numbers is represented as a vector length, which 
does not preserve the base-10 structure characteristic of Arabic numerals (see Zhang & Norman, 
1995). The holistic model is illustrated in Figure 3. 
 
 
 
 
 
 
 
Figure 1.3 According to Dehaene and colleagues (1990), Two-digit numbers are transformed into analog and 
logarithmically compressed representations before their magnitudes are compared. Note that the analog representations 
do not contain any information about the base-10 structure of two-digit Arabic numbers, but only their overall 
magnitude. 
 
Dehaene and colleagues (1990) have compared the holistic model with two other models of two-digit 
semantic number processing, the lexicographic model (Poltrock & Schwarz, 1984) and the 
interference model (Hinrichs, Yurko & Hu, 1981), which is a variant of the lexicographic model. In 
contrast to the holistic model, the lexicographic model and the interference model assume that two-
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digit number magnitude is not represented in a single analog format, but separated decade and unit 
representations, which follow the base-10 structure of the Arabic number system. According to the 
lexicographic model, two-digit number comparison occurs in a serial fashion from left to right and is 
governed by two variables: (i) the number of digits in each number and (ii) the position of the first 
instance of differing digits. When the first couple of differing digits is found, the magnitude of these 
digits is compared. Therefore, the lexicographic model predicts that when the decade digits are 
different, units may be completely ignored and their semantic representation should not be activated 
in magnitude comparison tasks. According to the lexicographic model, the function describing the 
time to compare two-digit numbers with a fixed standard (e.g. 55) with different decade digits should 
be similar to a step function. The time to compare two-digit numbers would decrease in proportion 
to the distance between the decade digit of target and standard, but remains constant across the 
whole interval of a decade. In contrast, the holistic model predicts the activation of units even when 
they are irrelevant for the comparison process, since both are integrated into a single and analog 
semantic representation. The function describing the time to compare two-digit numbers with a 
fixed standard is smooth and contains no discontinuity between different decades. 
Dehaene and colleagues (1990) have tested the predictions of both models in three experiments. In 
Experiments 1, 2, and 3 of Dehaene and colleagues participants had to judge whether two-digit 
numbers were larger or smaller than a fixed numerical standard (e.g. 65) by pressing one of two 
response keys. In all these experiments the units were a significant predictor of RT and error rates 
and the function describing the time to compare two-digit numbers was smooth (see Experiment 2, 
Dehaene et al., 1990, cf. p. 630 for more details). These experiments have provided evidence clearly 
contrary to the predictions of the lexicographic model, but in line with the predictions of the holistic 
model. 
Nevertheless, the results of Experiments 1, 2 and 3 of Dehaene and colleagues may be compatible 
with the interference model, which predicts the activation of units and may be considered a weaker 
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version of the lexicographic model. The interference model was elaborated by Hinrichs and 
colleagues (1981) in order to account for the activation of units in a two-digit magnitude comparison 
task similar to that of Dehaene and colleagues (1990). The interference model retains the assumption 
of separated representations of units and decades from the lexicographic model. However, the 
interference model assumes that units may be activated even when irrelevant and interfere with the 
comparison of decade digits. The postulated interference of units in the comparison of decades was 
considered to have the same properties as Stroop interference (Hinrichs et al., 1981). For instance, 
the comparison of 23 with 55 might be faster than the comparison of 27 with 55, because in 23 both 
digits are smaller than 55, while in 27 the unit digit 7 is larger than the unit digit 5, but the decade 
digit 2 is smaller than the decade digit 5. Like the holistic model, the interference model predicted 
well the pattern of results of Experiments 1, 2 and 3 of Dehaene and colleagues. In order to separate 
the holistic and the interference model, Dehaene and colleagues carried out another experiment 
(Experiment 4) and varied the degree of interference of units on decades by varying the presentation 
time of decade and unit digits (decades first, synchronous presentation of decades and units, and 
units first). Both the holistic and the interference model would predict less activation of units when 
the decade digits are presented first, since participants may adopt a strategy of comparing exclusively 
the decades without waiting for the unit digits. Notwithstanding, the predictions of the holistic and 
the interference model differ substantially with respect to the effect of presenting units before the 
decades. The interference model would predict an increased activation of units, since they may have 
an extra time to interfere with the comparison of decades. The holistic model, on the other hand, 
would predict no increase in the role of units. Since units are not informative, participants will wait 
for the decades. When decades appear the full two-digit number is present and may be treated 
holistically exactly as when decades and units are presented synchronously. The results of 
Experiment 4 of Dehaene and colleagues (1990) were not favourable for the interference model. The 
activation of units was quite similar independent of time of presentation of units and decades. 
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Therefore, the prediction of stronger interference of units on decade comparison made by the 
interference model was not backed up by the data of Dehaene and colleagues (1990). In contrast, the 
negative findings of Experiment 4 may be explained on the basis of the holistic model. 
Nevertheless, the holistic model proposed by Dehaene and colleagues (1990) has received some 
criticism recently. Some authors (Nuerk et al., 2001, 2002a, Nuerk, Geppert, van Herten & Willmes, 
2002b, Nuerk et al., 2004a, Nuerk, Weger & Willmes, in press a, Ratinckx, et al., in press) have 
observed results in magnitude comparison tasks which cannot be reconciled with a purely analog 
semantic number representation. The most striking piece of evidence is the unit-decade compatibility 
effect, which will be described in the next section. 
1.7.1. The unit-decade compatibility effect 
The core of the holistic model proposed by Dehaene and colleagues (1990) is that an analog 
magnitude representation is activated when two-digit numbers have to be compared. The analog 
magnitude representation combines the magnitude of decades and units into a single semantic 
representation. One important prediction of this model concerns the effect of number magnitude on 
number comparison. When holding constant the overall distance between numbers, performance 
should be the same when comparing two-digit numbers. For instance, judging the magnitude of two-
digit numbers like 76 and 21 should produce performance comparable to judging the magnitude of 
numbers like 81 and 26, since in both cases the overall distance (55) between numbers is held 
constant. However, recent investigations have shown that this might not always be the case. 
In the study by Nuerk and colleagues (2001), participants had to judge the magnitude of two-digit 
numbers to decide which of them was larger. In half of the trials, larger numbers also had the larger 
unit digit (as above, 43_68), but in the other half smaller numbers had the larger unit digits (i.e. 
48_73). Due to a careful selection of items, overall distance was matched both absolutely and 
logarithmically between the two experimental conditions called unit-decade compatible (since in 
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43_68 4 < 6 and 3 < 8) and unit-decade incompatible (since in 48_73 4 < 7 but 8 < 3). The pool of 
stimuli constructed by Nuerk and colleagues contained only Arabic numbers between 21 and 98 with 
different decade digits, since in this case the units are totally irrelevant for the task. Furthermore, 
only low-frequent numbers were selected in order to keep the effect of number frequency on 
performance comparable across all pairs of items (see Brysbaert, 1995, for a more profound 
discussion on the effect of frequency on two-digit number comparison). Tie numbers like 33 or 66 
were excluded as well as numbers multiple of 5 and 10. In addition, Nuerk and colleagues (2001) also 
varied the distance between decade digits (small or large) as well as between unit digits (small or 
large) and matched the conditions for problem-size. Therefore, overall distance, decade distance, unit 
distance and problem-size were all matched both absolutely and logarithmically in eight stimulus 
categories (2 decade distances x 2 unit distances x 2 unit-decade compatibility). Since overall 
magnitude was matched between compatible and incompatible conditions, the holistic model 
predicts a null effect of unit-decade compatibility on RT and on error rates. 
The results obtained by Nuerk and colleagues (2001) contradict the predictions of the holistic model 
very clearly. In general, the effects of decade distance and unit-decade compatibility on RT and error 
rate were very clear. RT and error rate revealed a large effect of decade distance with faster and more 
accurate decisions when decade distances are large than when they are small. More importantly, unit-
decade compatibility also modulated performance significantly. Compatible trials were responded to 
31ms faster and 1.21% more accurately than incompatible ones. RT showed that unit-decade 
compatibility interacted with unit distance, and that unit-decade compatibility was larger when unit 
distances were large (52ms) than when they were small (11ms). Error rates revealed that unit-decade 
compatibility interacted with decade distance, showing that the effect of unit-decade compatibility 
was stronger when decade distances were small (1.88%) and the trials were more difficult than when 
decade distances were large (0.44%).  
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In summary, the results of Nuerk and colleagues (2001) contradict the predictions of the holistic 
model regarding the effect of unit-decade compatibility. As pointed out by Nuerk and colleagues 
(2001), the significant effect of unit-decade compatibility on performance (henceforth called the 
compatibility effect) provides positive evidence that there are separate semantic representations of 
units and decades. Their results also suggest that both units and decades are semantically compared 
and that the effect of unit-decade compatibility on performance may depend on the difficulty when 
comparing the decade digits. As described by the interaction of unit distance with unit-decade 
compatibility, the compatibility effect can be larger when units are compared more quickly (large unit 
distances), because they have more time to interfere with the comparison of decades. Furthermore, 
the interaction of decade distance and unit-decade compatibility in the error rates suggests that more 
difficult trials are associated with a larger compatibility effect, because the slower comparison of 
decades also favours the interference of units. Finally, the results of Nuerk and colleagues (2001) may 
suggest that the cognitive locus of the compatibility effect is more related to semantic encoding of 
stimuli than to the selection of the proper motor responses. 
The compatibility effect is not specific for Arabic numbers. Nuerk and coworkers (2002a) have 
found a significant compatibility effect for German number words, when unit distance was large. 
Furthermore, Nuerk and colleagues (2004a and in press) have extended the findings about the 
compatibility effect in four important ways: 
(i) Nuerk and colleagues (2004a, see also Ratinckx et al., in press) have shown that the compatibility 
effect can not be explained by the visual arrangement of Arabic digits on the computer screen. They 
have presented units and decades not exactly above each other, but one unit digit aligned with the 
decade digit of the other number. The compatibility effect should disappear if the comparison of 
units were dependent on the vertical alignment of numbers. The results do not support an account 
based on the visual arrangement of Arabic unit and decade numbers. The compatibility effect 
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remained stable for a diagonal arrangement of digits and unit magnitude remained a significant 
predictor in the regression analysis. 
(ii) Nuerk and colleagues (in press) have shown that the compatibility effect is not a simple by-
product of the structure of German number words. The verbal form of German two-digit numbers 
is peculiar, because the position of units and decades in the number word is inverted in relation to 
the Arabic base-10 structure: units are pronounced before the decades. For instance, the number 27 
is pronounced as <siebenundzwanzig> meaning literally “seven and twenty”. Some authors have 
argued that the compatibility effect originally found in German participants (Nuerk et al., 2001, 
2002a) would have its origin there. Nuerk and colleagues (in press a) have confirmed the 
compatibility effect in native English speakers. Native English speakers show a significant but 
smaller compatibility effect than native German speakers, when comparing Arabic numbers. When 
comparing number words, native English speakers have shown an inverted compatibility effect. 
Regression analyses revealed that they are insensitive to unit magnitudes of number words. These 
results of Nuerk and colleagues (in press) show that English participants are capable of ignoring the 
magnitude of units when they are represented in verbal format. Nevertheless, English speakers may 
not ignore the unit magnitude of Arabic numbers. 
For German speakers the compatibility effect can be found reliably when two-digit numbers are 
compared in different formats. For English speakers compatibility can be found only for numbers in 
the Arabic format. Therefore, the compatibility effect might represent activation of a fundamental 
attribute of the structure of two-digit number magnitude, which is more closely related to the 
structure of Arabic numbers and may be influenced also by the verbal structure of two-digit 
numbers. Its development can be traced back to the first years of schooling, when children have the 
first contact with two-digit numbers.  
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(iii) In order to investigate this question, Nuerk, Kaufmann, Zoppoth and Willmes (2004b) have 
conducted a study on the development of the magnitude representation of two-digit Arabic 
numbers. 
They have shown how small children are able to separate the semantic representations of decades 
and units. They have tested Austrian children from 2nd to 5th class (8 to 11 years old) and have 
observed a change in the strategy for comparing numbers across this age range. Children in the 2nd 
grade may process two-digit numbers partially using a sequential strategy, which is substituted by a 
parallel strategy in older ages. Nevertheless, the authors have found no evidence favouring the 
activation of an analog representation of two-digit magnitude. 
RT analysis of 2nd graders resulted in no main effect of compatibility, but in an interaction with 
decade distance, characterized as a reversed compatibility effect when decade distances were small. 
3rd and 4th graders have shown significant interactions of compatibility and unit distance, which were 
associated with a negative compatibility effect for small unit distance and a positive compatibility 
effect for large unit distance, but no main effect of compatibility. Moreover, 5th graders have shown a 
pattern of performance very similar to that of adults. They have shown a significant main 
compatibility effect as well as an interaction with unit distance and no indication of an inverse 
compatibility effect. The analysis of error rates complemented the RT data in many ways: Significant 
main compatibility effects could be found already for the 2nd grade. Children made more errors when 
the decade and the unit comparison were incompatible. Interestingly, the compatibility effect error 
rate was influenced more strongly by decade distance than by unit distance. These results replicate 
prior findings in adults (e.g. Nuerk et al., 2001). In contrast, no simple interaction of compatibility 
and unit distance was obtained in any analysis.  
As argued by Nuerk and colleagues (2004b), transition from a sequential to a parallel strategy may be 
found between 2nd and 3rd grade. The 2nd graders were capable of ignoring the magnitudes of units 
and compare the magnitudes of decades only. However, this serial strategy of magnitude comparison 
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is given up at older age grades. 2nd graders show an inverted compatibility effect only in more 
difficult trials (small decade distances), while 3rd graders and older participants have always shown a 
positive compatibility effect when unit distance was large. Nevertheless, 3rd and 4th graders have 
shown an inverted compatibility effect when unit distances were small. The simultaneous occurrence 
of inverted and regular compatibility effects depending on unit distance may be considered as an 
indicator of the transition between serial and parallel strategies for magnitude comparing. Small 
children still do not have a well formed lexicon of two-digit numbers, but when they learn the first 
two-digit number their lexicon of one-digit numbers is already well formed. Therefore, it may be 
expected that small children assess the magnitude of decades without processing units. However, 
after longer academic training access to the lexicon of two-digit numbers becomes more automatic 
and may not be avoided easily. Consequently, the automatic activation of units may occur in the first 
place when unit distances are large, since the comparison of units in this condition is. With increasing 
automatization of the lexicon of two-digit numbers, the comparison of units may become ubiquitous 
in 5th graders and a positive compatibility effect can be found even when unit distances are small. 
In summary, the development of two-digit magnitude representations never seems to be holistic. 
Children less confident with the lexicon of two-digit numbers may rely upon a serial strategy and 
compare only the magnitude of decades. However, children with a well formed lexicon of two-digit 
numbers seem to activate separate representations of units and decades when they compare two-digit 
number magnitudes. 
(iv) In a recent study by Knops, Nuerk & Willmes (2003, see also Nuerk, Knops & Willmes, 
submitted), the activation of decomposed unit and decade magnitude representations could be 
observed at different SOAs. That study contrasted the predictions of the holistic and the new hybrid 
model regarding the activation of overall and decomposed magnitude representations. Knops and 
colleagues (submitted) have masked either unit or decade digits of two-digit numbers for SOAs of 
400, 200, 100, 50 and 0 ms. They have shown that there is a certain time window in which unit 
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comparisons may play a significant role, even when they are irrelevant for the comparison. Of 
course, when the decade digits are presented long before the unit digits, the decade comparison (and 
the overall comparison) will most probably be finished and a motor response will be selected before 
the unit comparison starts. However, when the unit comparison starts before the decade 
comparison, the unit comparison strongly determines the activation of the correct response. Knops 
and colleagues have also varied the relevance of unit digits for the response. In their Experiment 1 
units were totally irrelevant for responding, while in Experiment 2 units were relevant for 50% of the 
responses. With this manipulation they have modulated the amount of attention focused on decade 
and unit digits. While in their Experiment 1 the unit comparison influenced RT only for long SOAs, 
in their Experiment 2 with 50% of within-decade comparison trials, the unit comparison influenced 
responses for all SOAs. 
The considerable number of studies about the compatibility effect offers a systematic body of 
evidence to argue against the holistic model of two-digit number magnitude. Nevertheless, there is 
some further evidence from priming studies (Ratinckx, Brysbaert, & Fias, submitted; Reynvoet & 
Brysbaert, 1999) and the number bisection task (Nuerk et al., 2002b) examining the effect of 
positional priming and decade crossing, respectively. The results of these studies also are contrary to 
the holistic model. This evidence will be reviewed below. 
1.7.2. Some further evidence against an analog semantic representation of two-digit numbers 
Firstly, Ratinckx, and colleagues (submitted) have examined the effect of positional information on 
the latencies for naming Arabic numbers. They presented Arabic numbers from 1 to 99 on the 
computer screen which had to be named. Preceding these numbers, masked numerical primes were 
presented, too. Ratinckx and colleagues have shown that two-digit number naming was facilitated by 
masked primes, when target and prime shared one digit in the same position (e.g. 28_38). 
Interestingly, they also showed that number naming was impaired when target and prime share one 
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digit but in a different position according to the base-10 Arabic number system (e.g. 82_38), or even 
when two-digit numbers share the same digits but in a different position (e.g. 18_81). These findings 
cannot be explained by an the overlap of visual shapes on the retina, because the negative effects on 
performance remained stable even when the visual positioning of tens and units of prime numbers 
was shifted to the right or to the left of the targets, leading to an overlap of tens-units or units-tens 
(Experiment 2, Ratinckx et al., submitted). In agreement with the findings of Nuerk and colleagues 
(2001, 2002a, 2004a, 2004b, in press a), Ratinckx and colleagues postulated an early stage of number 
recognition in which Arabic numbers are syntactically organized in an abstract place-value frame, or 
in other words, that units and decades may have separate semantic representations. 
Secondly, the priming effects observed by Brysbaert (1995) seemed to be in favour of an analog 
magnitude representation of two-digit numbers. Brysbaert (1995) investigated the reading times of 
Flamish participants for Arabic numbers from 1 to 99 and found that semantic distance effects of 
primes have been observed regularly. However, he recognized that his data could be explained 
equally well by two different models: the first model included the logarithmic distance between 
primes and target and the second one a combination of number frequency and an extra time cost for 
the processing of two-digit numerals. 
However, Reynvoet and Brysbaert (1999) specifically examined the effect of the first decade crossing 
on priming effects. They compared the effects of primes of equal distance to the probe within and 
between decades (e.g. 7_9 vs. 11_9) and found a marginal difference between these two types of 
trials (Experiment 1), which disappeared in a follow-up experiment. They concluded that unit-decade 
structures did not play any role in the representation of two-digit numbers. However, teen numbers 
are specific and very high-frequent numbers and their corresponding number words – in most 
Western languages, do not have even a transparent ten-unit structure; therefore the results of 
Reynvoet and Brysbaert may not be representative. 
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In sum, these results suggest that not only the overall magnitude of two-digit numbers and not only 
the magnitude of the constituent digits are activated, but that the magnitude of digits in relation to 
their position and value in the place-value Arabic number system is activated and represented. 
A third piece of evidence against the holistic model comes from the number bisection task that may 
be thought of as a numerical version of the line bisection task (Marshall & Halligan, 1991) and that is 
also used in the assessment of number magnitude representation in patients (e.g., Dehaene & Cohen, 
1997). In the verification version of the number bisection task, three numbers are presented in a 
sequence a < b < c. The task consists in judging whether b is the exact arithmetic mean of a and c. In 
the version of the number bisection task used by Nuerk and colleagues (2002b) participants were 
asked to judge whether the two-digit number displayed in the middle really was the arithmetic mean 
of the two outer numbers (e.g. 34_38_42) or not (25_39_51). The number bisection task originally 
has been designed to assess a purely analog magnitude representation, nevertheless, it is sensitive to 
many other number representations like the numerical distance between the two outer numbers and 
the distance of the middle number to the numerical mean (36_37_48 is rejected faster than 
31_36_43).  
Furthermore, the number bisection task also provides more decisive arguments against the analog 
magnitude representation and in favour of the holistic model because of its high sensitivity to decade 
crossings. Nuerk and colleagues (2002b) have shown using multiple regression analysis that decade 
crossing was the strongest predictor of performance in non-bisectable trials (in which the middle 
number was not the numerical mean) and did explain more variance than any other magnitude-
related variable like distance. When the triplet contained a decade crossing (e.g. 35_38_41) 
performance was slower and less accurate than when all three numbers were within a decade, i.e. had 
the same decade digit (e.g. 72_75_78). Interestingly, decade crossing was also a strong predictor of 
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performance in bisectable trials, even after partialling out the influence of the length of the bisection 
interval. 
A fourth source of evidence against a purely holistic number processing comes from the mental 
arithmetic of two-digit carry and non-carry problems. As recently shown by Deschuyteneer, de 
Rammelaere and Fias (in press) in a two-digit addition task, problems which can be solved without 
carrying units (no-carry problems e.g., 42 + 16 = 58) may be solved by separately adding the units 
and the tens without activating the overall magnitude representation of these numbers. 
Deschuyteneer and colleagues have shown that the time to solve no-carry problems with small 
decade numbers and large unit numbers (e.g., 32 + 16 = 48) may be the same as the time to solve 
problems with large decade numbers and small unit numbers (e.g., 23 + 71 = 94), regardless of the 
much larger problem size in the latter sum. Furthermore, when looking at the predictors of RT in 
carry and no-carry problems, Deschuyteneer and coworkers have found that the logarithm of the 
correct sum was a more important predictor for carries than for no-carries, even though both types 
of problems were matched for problem size. 
In summary, the evidence provided by the investigations of Ratinckx and colleagues (submitted); 
Reynvoet and colleagues (1999), Nuerk and colleagues (2002b) and Deschuytenneer and colleagues 
(in press) cannot be reconciled with an analog model of two-digit number magnitude. In contrast, 
these empirical observations are clearly in favour of the activation of separate magnitude 
representations for units and decades. The massive influence of the decade crossing variable on 
performance is not consistent with the idea of one simple holistic magnitude representation in the 
number bisection task. 
In general the evidence provided by the priming studies of Ratinckx and colleagues (submitted) and 
Brysbaert (1995) is compatible with a decomposition model of two-digit number magnitude 
representation, where only separate representations of units and decades are activated (see Nuerk & 
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Willmes, in press, for discussion). However, the regression analyses carried out by Nuerk and 
colleagues (2002b) on the data from the number bisection task seem to indicate that overall distance 
may be processed in addition to decade and unit-distance. The data of Nuerk and colleagues (2002b) 
seem to favour a hybrid model, where both analog unit and decade representations are activated. 
In the next section a new model of two-digit semantic number processing, the hybrid model (Nuerk 
& Willmes in press), will be described in more detail. The model tries to reconcile the holistic and the 
decomposition model into a single structure. The hybrid model predicts the activation of both separate 
representations of units and decades and complementarily the activation of an integrated analog 
representation of overall magnitudes. 
1.8. An alternative model of two-digit magnitude representation 
Up to now two-digit number magnitude has been interpreted in two ways: (i) as an analog magnitude 
representation, which may extend from one- to two-digit magnitudes, and (ii) as separate magnitude 
representations of units and decades. The analog representation postulated by the holistic model has 
been shown to be unable to predict the compatibility effect (Nuerk et al., 2001) and its development 
(Nuerk et al., 2004b) as well as position-specific priming (Ratinckx et al., submitted) and the effect of 
decade crossing in the number bisection task (Nuerk et al., 2002b). Nevertheless, a pure 
decomposition model of two-digit number magnitude may also be problematic for different reasons. 
Firstly, as pointed out by Reynvoet and Brysbaert (1999), if numbers of different decades were 
represented separately, they should not prime numbers from other decades to the same extent as 
numbers from the same decade. Secondly, as observed by Nuerk and colleagues (2002b) analog 
distance is a significant predictor of performance, even after controlling for other magnitude related 
variables. Third, even patients with major disorders in verbal production and mental arithmetic are 
capable of judging the approximate magnitude of numbers (Dehaene & Cohen, 1997). And fourth, 
the approximate magnitude of numbers is very useful for the verification of complex written 
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arithmetic. When multiplying 5428 x 378, the result should be in the interval between 5000 x 
300=1.500.000 and 6000 x 400=2.400.000.  
These different pieces of evidence suggest the existence of both analog and separate number 
representations. Nuerk and Willmes (in press) have proposed the hybrid model, which tries to 
reconcile evidence for both types of semantic numerical representations. The general structure 
proposed by Nuerk and Willmes will be described in the following, as well as some predictions of the 
model regarding two-digit number comparison. 
1.9. The hybrid model of Nuerk and Willmes (2005) 
The hybrid model assumes that two-digit numbers are represented in two ways, decomposed and 
holistically. Deviating from the more traditional holistic model, the hybrid model admits the 
existence of separate representations of units and decades, but does not exclude the presence of an 
analog magnitude representation, which may be especially useful in tasks requiring approximate 
magnitude judgments (see Dehaene & Cohen, 1997). When two-digit Arabic numbers are seen 
(Number Representation Level, see Figure 1.4), analog as well as unit and decade magnitudes may be 
activated. According to the hybrid model, activation of the analog unit and decade magnitudes may 
occur in parallel. The present version of the hybrid model admits that both types of representations 
may activate and/or inhibit each other through their connections at the level of number comparison 
(see Figure 1.4), but does not specify the factors controlling activation or inhibition between 
different magnitude representations. One can only speculate that tasks requiring exact 
representations of magnitudes would rely upon the separate representations of units and decades, 
while tasks requiring only an approximate magnitude representation may rely upon the analog 
representation. In some cases, the relevance of unit and decade magnitude representations for the 
task at hand may determine the degree of inhibition of decades upon the unit representations. In the 
original number comparison task of Nuerk and colleagues (2001), decade magnitude is relevant for 
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magnitude comparison in all trials. In this case the representation of units is not relevant for the task 
and may be inhibited to some extent. 
The hybrid model makes very clear predictions regarding the association of magnitude 
representations with response selection (see Figure 1.4). The different magnitude representations 
activate a response depending on the result of number comparison. The motor response will be the 
one which receives the largest amount of activation from the analog decade and unit representations. 
As illustrated in Figure 1.4, the comparison of units facilitates a response with the right response key 
and inhibits a response with the left key. However, the analog and decade representations facilitate a 
response with the left response key. Since the distance between units is large, the units strongly 
facilitate the response with the right key and inhibit the response with the left key. Furthermore, the 
distance between decades is small. Therefore, decades neither facilitate the left response very much 
nor inhibit the right response. A direct consequence of that reasoning is a large compatibility effect 
on responses. 
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Figure 1.4 A schematic representation of the hybrid model of two-digit number magnitude (Nuerk & Willmes, in 
press). The lexical representation of the whole two-digit numbers, their units and decades are activated in parallel. 
These lexical representations activate the semantic comparison of analog magnitude, decade and unit magnitude. The 
activation of units and the overall magnitude will facilitate or impair the preparation of a motor response depending on 
their congruity with the representation of decades (Nuerk & Willmes, 2005). In the example above the units will 
impair the response with the left key and facilitate the response with the right key. This will produce a compatibility 
effect, since the responses favoured by the comparison of units and decades are not the same. 
 
1.10. Open questions about two-digit numbers: the unit-decade compatibility effect 
The hybrid model can account for many aspects of semantic two-digit number processing that 
cannot be reconciled with the holistic model. Nevertheless, some aspects of the hybrid model still 
deserve further investigation. 
The first one concerns the activation of units and decades depending on the degree of activation of 
the overall representation (Nuerk et al., submitted). According to the hybrid model, when the 
activation of the overall representation is facilitated, the relative saliency of decomposed unit and 
* *
f(47 – 62) f(4 – 6) f(2 – 7) 
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decade representations may decrease. In contrast, when the activation of the overall representation is 
impaired, the relative saliency of decomposed unit and decade representation may increase. These 
predictions will be investigated in Study 4 (see Section 1.11.6). 
Another aspect of the hybrid model which needs to be investigated is the relation between the 
acquisition of decomposed semantic number representation and formal schooling. As Nuerk and 
colleagues (2004b) have shown, children in the second year at school may ignore the unit digits of 
two-digit Arabic numbers, because the lexical representation of two-digit numbers is not activated 
automatically. Children with at least three years of schooling are no longer able to ignore the units, 
and start to show the unit-decade compatibility effect. 
Interestingly, there are adult populations receiving only few years of schooling in childhood due to 
socio-economical reasons. In many cases, the persons detain some refined knowledge about number 
structure and mental arithmetic. Are these adults able to ignore unit digits or do they process two-
digit numbers holistically? In Study 5 (see Section 1.10.7) adult semi-illiterates will be examined for 
two-digit Arabic number comparison in order to answer these questions. 
Finally, the neural correlates of separate unit and decade representations still await specification. The 
literature on the hemodynamic correlates of two-digit semantic number processing shows that 
cortical areas around the intraparietal sulcus may be strongly activated by the mental comparison of 
two-digit numbers. As mentioned above, many studies have shown that the cortical regions around 
the IPS are sensitive to the semantic magnitude of one-digit (Eger et al., 2002) and two-digit (Pinel et 
al., 2001) numbers. 
However, the existing studies on fMRI correlates of two-digit semantic number processing (e.g. Pinel 
et al., 2001) have not dissociated the contributions of units and decades for the activation of the 
different portions of intraparietal cortex. It is possible that the cortical regions activated by units and 
decades do not overlap completely. Such a finding could not be reconciled easily with a purely analog 
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view of two-digit semantic number processing, but might be seen as fMRI evidence favouring the 
hybrid model. In Study 6 these predictions will be investigated (see Section 1.10.8). 
In the next section an overview of the empirical studies will be presented, as well as a summary of 
the empirical manipulations. 
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1.11. A sketch of the empirical investigations 
In this dissertation the semantic number representation of one- and two-digit Arabic numbers will be 
examined. The empirical investigations are divided in two parts. The first part concerns the 
activation of semantic number magnitude and its association with spatial processing, and the second 
part is dedicated to cognitive and hemodynamic correlates of two-digit semantic number processing. 
In the following the general and specific aims of each experimental study will be delineated. 
1.11.1. Part 1: Semantic number magnitude and its association with spatial processing 
The studies of Part 1 are concerned with the semantic representation of one-digit numbers, and its 
association with left-right response codes. As discussed above, semantic number magnitude is 
represented in a spatial format as a mental number line and the SNARC effect indexes the 
association of the orientation of the mental number line with left-right response codes. The general 
aim of the studies in Part 1 is to examine some of the neglected determinants of the SNARC effect 
and propose an integrative view of the SNARC effect, which could accommodate the new empirical 
data as well as the extensive empirical evidence already available in the literature. 
The implications of the results obtained in Studies 1 to 3 for the Conceptual Model will be discussed 
in the General Discussion. 
1.11.2. Study 1 Dissociating the mental number line from other spatial frames of reference 
Study 1 will examine the relevance of different frames of reference for the SNARC effect. The MNL 
is a mental object, which may be used as a frame of reference for the association of number 
magnitude with left-right response codes. This association has been considered to produce the 
SNARC effect. As described above (Section 1.3.2), the orientation of the MNL can be dissociated 
experimentally from the position of hands (crossed vs. non-crossed hands, Experiment 6 of Dehaene 
et al., 1993). Nevertheless, it may not be concluded that the MNL is oriented according to “… a more 
abstract representation of the left-right axis” (Dehaene et al., 1993) or to the actual frame of reference 
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provided by response keys, because in that experiment the orientation of the MNL was confounded 
with the orientation of the response keys. In Study 1 the SNARC effect will be tested with the 
response keys in different positions more or less aligned with the left-to-right orientation of the 
MNL. If the MNL can be dissociated from the frame of reference provided by response keys, the 
SNARC effect may be modulated by the congruity between the position of response keys and the 
orientation of the MNL. Furthermore, when the frames provided by hands, response keys and the 
MNL are aligned, the SNARC effect should be larger than for any other experimental condition, 
since even the alignment of redundant frames of reference has a positive effect on performance 
(Carlson-Radvansky & Irwin, 1993). If the MNL is the exclusive frame of reference for the 
association of number magnitude with a left-right response code, the SNARC effect might not be 
present if the MNL were ambiguous regarding the association of response codes. However, if there 
is a SNARC effect when the MNL is ambiguous, the SNARC might follow the hands or response 
keys but not both of them. In this condition the SNARC effect should be associated with the more 
salient frame of reference. 
In summary, the aims of Study 1 are: 
1- Separate the MNL from other spatial frames of reference, which may be used for the 
association of number magnitude with left-right response codes. 
2- Characterize the SNARC effect under conditions where the MNL is ambiguous regarding the 
association between number magnitude and left-right response codes. 
1.11.3. Study 2 Spatial uncertainty and the interaction between the SNARC and the Simon 
effect 
Study 2 will examine the contribution of the location of stimuli to the activation of number 
magnitude and to the SNARC effect. According to the Conceptual Model, magnitude information is 
associated with the transient activation of a specific location on the MNL, and the SNARC effect 
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represents the association of this location with left-right response codes. Moreover, locating numbers 
on the MNL and activating a map of associations with response codes are two different cognitive 
processes. These two processes may contribute independently to the SNARC effect. Recent studies 
have shown that the structure and orientation of the MNL may bias spatial attention in tasks like the 
line-bisection task (Fischer, 2001) and even in very simple tasks like a visual detection task, which 
involves no response codes at all (Fischer, et al., 2003). According to the Conceptual Model, it is 
possible that simple congruity between the position of numbers in space on the MNL may modulate 
a SNARC effect. In the affirmative case the SNARC effect should become larger when the spatial 
location of numbers is congruent with their location on the MNL and smaller when not. In other 
words, when small numbers are presented on the left side of the screen and larger numbers on the 
right the SNARC effect might be larger than in case of the opposite assignment. However, if the 
positioning of numbers on the MNL cannot be modulated by changes in the spatial position of 
stimuli, the SNARC effect should be the same for stimuli presented in different positions. In Study 2 
the location of Arabic numbers in space will be varied while holding the position of response keys 
constant. Arabic numbers will be presented in twelve different positions on the screen, which are 
equidistant from the fixation point and resemble the structure of a clock-face. If the position of 
stimuli interacts with the location of numeric magnitudes on the MNL, the SNARC effect may be 
modulated according to the congruity between the two dimensions. Since the position of Arabic 
numbers and response codes is lateralized, the occurrence of the Simon effect should be expected 
and might interact with the SNARC effect. Since the Simon effect represents a direct link between 
stimulus and response locations (Wascher, Schatz, Kuder & Verleger, 2001), it could be expected 
that when a motor response is automatically activated by the Simon stimulus-response mapping, the 
SNARC effect should be smaller or not present. In contrast, when the Simon stimulus-response 
mapping is not available, the SNARC mapping might be activated more strongly. 
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1.11.4. Study 3 The SNARC effect and an amodal magnitude number representation 
In Study 3 the assumption will be tested that number magnitude is represented in an abstract and 
amodal way on a left-to-right oriented mental number line. This question will be addressed by 
systematically varying modality/notation of numbers (auditory number word, visual Arabic numeral, 
visual number word, visual dice pattern) in a within-participant design. If different numerical 
information from different sensory modalities (audition vs. vision) activates number magnitude 
representation to a similar degree, the SNARC effect obtained in a parity decision task with stimuli 
presented in different sensorial modalities should be constant. Furthermore, if visual stimuli in 
different formats like Arabic numbers, number words or dot patterns activate the semantic number 
representation to the same extent, the SNARC effect should be the same for all number formats. 
However, if the SNARC effect differs across modalities or formats, specific links between sensory 
modalities/formats and the magnitude representation should be assumed. 
1.11.5. Part 2- Cognitive and hemodynamic correlates of semantic two-digit number 
processing 
The second part of the dissertation is dedicated to cognitive and hemodynamic correlates of 
semantic two-digit number processing. In studies 4, 5 and 6 some predictions of the hybrid model 
will be tested by means of the unit-decade compatibility effect. The general objective of the studies in 
Part 2 is to examine cognitive and hemodynamic determinants of two-digit number processing 
indexed by the compatibility effect. 
1.11.6. Study 4 Modulating access to the base-10 structure of Arabic numbers 
In Study 4 the influence of different semantic relations on behavioural responses of normal 
participants will be investigated. The principle of automaticity in number comparison will be 
explored in two experiments, where the time of presentation of unit and decade digits from different 
numbers will be varied. According to the hybrid model, when the activation of the overall 
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representation is facilitated, units may be only weakly activated. However, when the activation of the 
overall representation is impaired, units may be activated more strongly. In two experiments 
participants will be asked to identify the larger of two two-digit Arabic numbers. In Experiment 1 
unit and decade digit of different numbers will be masked, hindering for a short time the activation 
of the overall magnitude representation. In Experiment 2 one whole two-digit number will be 
masked. In this case the overall magnitude of the non-masked number may be activated from the 
beginning of the trial. In both experiments the comparison of numbers is possible only after the 
complete numbers are presented on the screen, but irrelevant comparisons between single digits are 
possible from the beginning of each trial. If irrelevant comparisons may predict performance, the 
distances between single digits have been computed but not the overall distance between two-digit 
numbers.  
In particular, if irrelevant comparisons occur when a whole two-digit number is presented on the 
screen (Experiment 2), the interpretation of results from experiments about magnitude comparison 
of two-digit numbers with a fixed standard should be reconsidered, given that the congruity effect is 
computed between digits within the same two-digit number. 
1.11.7. Study 5 Semi-illiterate adults and two-digit Arabic number comparison 
In Study 5 the knowledge of adult semi-illiterates about two-digit number comparison will be 
assessed. Brazilian semi-illiterates will be tested, which have received no or at least incomplete 
schooling in childhood (up to 4 years), and who are now in programs for the alphabetization of 
adults supported by the government. The hypothesis that semi-illiterates possess a clear conception 
of the base-10 system in spite of poor academic training and poor knowledge about the Arabic 
system will be examined. Schooling will be assessed by a word reading task, which was combined 
with a lexical decision task. If semi-illiterates understand the base-10 system they should be capable 
of encoding two-digit numbers semantically and of segmenting them into units and decades, showing 
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a compatibility effect. If semi-illiterates are no experts for the properties of the base-10 system, they 
should perform a two-digit number comparison task like younger children (Nuerk et al., 2004b) 
ignoring the unit digits and producing an inverted compatibility effect. 
1.11.8. Study 6 A parametric fMRI study about neural correlates of unit and decade 
representations 
In Study 6 neurofunctional correlates of two-digit number comparison will be examined in an fMRI 
experiment. Two-digit numbers will be compared. The pool of stimuli is the same as that developed 
by Nuerk and colleagues (2001). A pair of two-digit Arabic numbers will be presented in a rapid 
event-related design for fMRI with an interstimulus interval of 3 seconds. Parametric modelling of 
the fMRI signal will be used to disentangle the differential effects of decade and unit magnitudes on 
the fMRI signal from the intraparietal cortex. If two-digit numbers are semantically represented as an 
overall magnitude, the neural correlates of units and decades should be putatively the same. 
However, if the cortical structures responsible for processing unit and decade distance are different, 
the cognitive representation of unit and decade magnitudes should be different. 
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2.1. Introduction 
Categorical spatial relations like “to the right of” and “to the left of” depend on the spatial frame of 
reference employed. When motor behavior is executed, different frames of reference may be 
activated and may control performance (Roswarsky & Proctor, 1996). A mapping of stimulus-
response compatibility depends on which frame of reference gets activated in each experimental set 
(Cho & Proctor, 2003). There are many types of frames of reference. The frames provided by the 
body midline, the position of hands and the posture of hands depend on the specific position of the 
viewer and are called egocentric frames. In contrast, frames of reference provided by objects in space 
and by the visual background, like “a cup to the right of a sugar pot on the third level of the shelf”, 
are independent of the position of the viewer and are called allocentric. Carlson-Radvansky and Irwin 
(1993) classified frames of reference into environment-centered (e.g. gravitational coordinates, 
background), object-centered (for objects in a scenario) and viewer-centered (e.g. body midline, 
position of hands) frames of reference. They have shown how these three types of frames of 
reference may interact and that the activation of a frame of reference depends on its saliency 
(Experiments 2a to 2d).  
In the context of number processing, one interesting object-oriented frame of reference is given by 
the mental number line (MNL). The MNL constitutes the spatial frame for the activation of number 
magnitude. Smaller numbers are associated with the left of the MNL and larger numbers with the 
right. The most relevant evidence for this association is provided by the SNARC (Spatial Numerical 
Association of Response Codes) effect. The SNARC effect shows that larger numbers are faster 
responded to with the right hand and smaller numbers with the left hand (Dehaene et al., 1993; Fias 
et al., 1996). Therefore, the SNARC effect represents the association of the left/right response codes 
and the spatial orientation of the mental number line. 
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The SNARC effect has been found consistently over a wide range of experimental manipulations 
and participant groups (e.g., Dehaene et al., 1993; Fias et al., 1996; Fias, 2001, Gevers et al., 2003a; 
Fischer 2001, 2003a and b, Mapelli, Rusconi & Umiltà, 2004; Nuerk, Iversen & Willmes, 2004c, 
Study 3 of this dissertation). However, in the normal experiments on the SNARC (Dehaene et al., 
1993, Experiments 1, 3, 4, 5, 8 and 9, Fias et al, 1996, Fias, 2001, Gevers et al., 2003a, Nuerk et al., 
2004a) the main viewer-centered frames of reference were aligned with the MNL and their effects 
confounded. In these experiments participants were seated in front of a the computer screen with 
eyes fixed on the center of the screen and with the left and right hands positioned on the left and 
right response keys. The response keys were on the left and right side of the body’s midline and the 
MNL is also left-to-right oriented. Therefore the spatial relations “left” and ”right” aligned across the 
coordinates provided by MNL, position of hands, location in space in relation to the computer 
screen and body midline. When all frames of reference are aligned, it is not possible to distinguish 
the more salient and the more relevant one of them. 
Nevertheless, Experiment 6 of Dehaene and colleagues (1993) provided some clues about the role of 
different frames of reference for the SNARC effect. Specifically, they have dissociated the position 
of hands from the position of response keys/orientation of the MNL. Dehaene and colleagues 
(1993) let participants respond to numbers presented on the screen with hands crossed: since the 
spatial codes for “left” and “right” provided by the hands and by the MNL were incongruent, the 
frames provided by the MNL and by the hands could be dissociated. Two hypotheses about the 
association of SNARC and response codes could be drawn: (i) if the SNARC effect is encoded 
according to the frame provided by the hands, the right hand responds faster to larger numbers 
regardless of its position in space. However, (ii) if the SNARC effect is encoded according to the 
frame provided by the abstract MNL, the left hand might respond faster to larger numbers, when 
hands are crossed. The results of this experiment clearly favoured the second hypothesis: the 
SNARC effect obtained with crossed hands was comparable to the SNARC effect obtained with 
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non-crossed hands in previous experiments. That means, with crossed hands larger numbers were 
responded to faster with the left hand and smaller numbers with the right one. Dehaene and 
colleagues (1993) suggest that the orientation of the MNL is not determined by the left or right hand, 
but is associated with “[…] a more abstract representation of the left-right axis”. Moreover, the claim about 
an abstract orientation of the MNL may be confounded with the position of response keys in the 
Experiment 6 of Dehaene and colleagues (1993). The response keys were placed to the left and to 
the right of participants and could be verbally labelled as “left” or “right” keys providing a concrete –
not an abstract- frame of reference for the MNL. Therefore the evidence of Dehaene and colleagues 
about the abstract orientation of the MNL is not complete and needs to be refined through the 
dissociation of the abstract orientation of the MNL from the orientation of response keys. 
Before describing the present study, one word about the relative saliency of hands and response keys 
for the SNARC effect is needed. If the MNL is oriented in abstract coordinates, there will be 
situations when it would possibly be uninformative, for instance, when the response keys are 
disposed at the body’s midline. In such a case the association of the MNL with response codes 
cannot be specified directly, but via orthogonal stimulus-response compatibility2. Nevertheless, the 
more interesting question is whether the SNARC effect might be associated with hands or with 
response keys in such conditions (see Figure 2.1.).  
In the present study the position of response keys (and consequently the position of hands) was 
varied in relation to the left-to-right orientation of the MNL. In Experiment 1 the position of 
response keys was rotated from the traditional left-to-right position (see Figure 2.2.) up and down to 
the orthogonal positions 12 and 6 o’clock. If the MNL is oriented from left to right in allocentric 
                                                 
2 The rotation of response keys to the orthogonal positions 12 and 6 o’clock represent a special case 
of orthogonal stimulus response compatibility (Bauer & Miller, 1982; Lippa & Adam, 2001). 
Preferences for assignments like Right-up/Left-down and Right-down/Left-up are common in the 
literature and could occur in this study. Such kind of OSRC could explain the presence of the 
SNARC effect in conditions where the orientation of response codes is orthogonal to the orientation 
of the MNL. The most relevant point here is to find which frame of reference -whether hands or 
response keys- would be associated here with OSRC. 
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coordinates, relations of more or less compatibility may be established with the position of response 
keys when their orientation is varied. Consequently, the SNARC effect might be smaller in relation 
to the left-to-right orientation of the MNL. On the other hand, if the orientation of the MNL is 
based exclusively upon the position of response keys, rotating the response keys will have no effect 
on the SNARC effect in Experiment 1, since the MNL could be aligned with the position of keys. 
 
 
 
 
 
 
Figure 2.1 Two identical response key locations (vertical above each other in the (x,y)-plane), but with different hand-
response key associations (12 o’clock: right hand key (Rkey) on top; 6 o’clock left hand key (Lkey) on top). Any 
spatial account must predict virtually identical SNARC effects for identical spatial response key locations (space-
oriented hypothesis); an alternative hand-oriented hypothesis would suggest that the SNARC effect follows the location 
of the response hands. 
 
However, when response keys are aligned with the body’s midline, like in the orthogonal positions 
12 and 6 o’clock, the abstract orientation of the MNL is not informative regarding the association of 
response codes. In this case there are two ways to encode left and right response codes: (i) by 
labelling the response keys as “left” or “right” keys or (ii) by labelling hands. If in orthogonal 
positions the SNARC effect is associated with the keys, the SNARC effect calculated taking the key1 
space-oriented H0: SNARC(Rkey12 – Lkey12) -> SNARC(Lkey6 – Rkey6) 
 
hand-oriented H0:  SNARC(Rkey12 – Lkey12) -> SNARC(Rkey6 – Lkey6) 
12 o’clock
Rkey
6 o’clock
Lkey
Lkey
Rkey
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–key2 must be the same regardless of the hands (see Figure 2.1). On the other hand, if the SNARC is 
associated with hands in orthogonal positions, it would simply follow the right hand independent of 
the response key being pressed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Experimental setup and results: The participants were seated in front of a table with a computer monitor. 
The position of response keys was varied in a randomized sequence across the experimental blocks from position 12 
o’clock to 6 o’clock. At position 3 o’clock both hands rested along the horizontal meridian (right hand on right key). 
In the example in the figure, the hands are located at position 4 o’clock.  
 
In summary, the manipulation of response keys provides a strong test of the spatial congruency 
account of the SNARC effect in general. Particularly, it can be tested whether the mental number 
line is really oriented from left to right or whether this claim is only confounded with the left-to-right 
orientation of response keys used in all previous SNARC experiments. 
Computer Monitor
2 o’clock 
12 o’clock 
Left Right 
1 o’clock 
3 o’clock
4 o’clock 
5 o’clock 
6 o’clock 
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2.2. Experiment 1 
2.2.1. Participants 
16 (15 right-handed, 6 male) German participants (mean age 24.4 [19-31] years) were tested. All 
participants had normal or corrected to normal vision. 
2.2.2. Stimuli 
Arabic digits in the range 0–9 were presented. They had a visual angle of 1.60° in height (14 mm) and 
of 1.15° in width (10 mm) from a viewing distance of approximately 50 cm.  
2.2.3. Procedure 
Participants had to decide whether the presented number was even or odd by pressing one of two 
response keys. The experiment was subdivided into two parts. Half of the participants started with 
the even response assigned to the right-hand key and the other half with the reverse assignment. 
The position of the response keys on a table was systematically varied in intervals of 30° from -90° 
to +90° in the horizontal meridian of an imaginary circle, resulting in seven different positions of 
hands, (12 o’clock to 6 o’clock; see Figure 2.2). The two response keys were always placed at a 
distance of 26.5 cm diametrically opposed to each other.  
Each participant responded to 14 blocks corresponding to each of the seven positions in both parts 
of the experiment in a pseudo-randomized sequence. Each block comprised 100 trials with 0-9 each 
being presented ten times and started with a training list of 5 items, which were not recorded. 
The experiment was controlled by an IBM-compatible PC with the ERTS program (Beringer, 1996). 
The targets were white digits with a black background. After a fixation cross (500ms) the target 
appeared until response, but maximally for 1500ms.  
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2.3. Results 
Responses below 200ms and above 1500ms were excluded from analysis, as well as incorrect 
responses and responses beyond the interval of +/-3 standard deviations around the individual 
mean. The trimming resulted in 1.67% of response exclusions. Because of the special status of zero 
(Brysbaert, 1995), it was not included in the analyses. To maintain the same number of even and odd 
items, only responses to numbers 1 to 8 were analyzed. 
Two evaluation strategies were employed: ANOVA and regression analysis on response times (RT). 
A 7 (response key positions) x 4 (magnitude categories 1-2, 3-4, 5-6, 7-8) x 2 (even/odd) x 2 
(left/right hand) repeated measures design was used. However, the ANOVA interaction test statistic 
is too conservative since it tests globally for all possible types of interactions and not explicitly for 
the SNARC interaction. Therefore, a regression analysis appropriate for within-subject designs was 
used (cf. Fias et al. 1996; Lorch & Myers, 1990). Number magnitude was taken as the predictor for 
the difference between response times for right and left hand (dRT: RTright – RTleft hand). The 
regression slope of dRT on number magnitude was estimated for each participant and each position 
of response keys. 
2.3.1. ANOVA 
The spatial position of response keys did not influence RT significantly as a main effect 
(F(6,90)=1.17; p=.33). However, when tested more specifically, a marginal quadratic trend for spatial 
response position (F(1,15)=3.56; p=.079) could be observed. The fastest RT was found in position 3 
o’clock 465 ms (horizontally aligned) and increased with the vertical angle to 471 ms (averaged over 
positions 2 and 4 o’clock), 471 ms (over 1 and 5 o’clock) and 473 ms (over 12 and 6 o’clock). That 
marginal trend shows that responding with horizontally non-aligned hands was slightly more difficult 
than with horizontally aligned hands, possibly due to the incongruity between orientation of 
response keys and the orientation of the MNL. Right-hand responses were on average 9 ms faster 
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than left-hand responses (F(1,15)=8.35; p=.01). Furthermore, odd numbers were responded to 6 ms 
slower than even numbers. This difference was significant when tested one-sided (t(15)=1.98, 
p<.05). Number magnitude also revealed a main effect (F(3,45)=8.53; p<.001). A highly significant 
interaction between hand and number magnitude (F(3,45)=7.27; p<.001) was observed, indicating a 
SNARC-effect, which will be examined below in more detail. Additionally, a magnitude x parity 
interaction (F(3,45)=5.90; p<.01) and a three-way interaction hand x magnitude x parity 
(F(3,45)=2.97; p=.04) were observed which will not be discussed here because parity representation 
is beyond the scope of this paper. No other main effects and interactions reached significance. 
2.3.2. Regression analysis 
One-sample t-tests over the individual regression slopes of number magnitude on the difference 
RTright - RTleft revealed significant SNARC effects (negative slopes) for all positions except for 12 
o’clock (right hand up vertical; p=.075; see Table 2.1).  
Figure 2.3A shows the mean values of the individual SNARC-slopes as vector lengths at the different 
response key positions. The vectors are oriented in accord with the positioning of the response keys. 
The largest SNARC-slopes were found on positions 3 and 4 o’clock. The dashed line oriented at 10° 
below the horizontal meridian represents the presumed orientation of the optimal SNARC-effect, 
when estimated by averaging the vector projections for all SNARC-slopes on the different response 
positions. 
In order to examine the effects of incongruity between the MNL and the response keys a linear trend 
for radial distance to the horizontal midline was calculated: the SNARC slope decreases linearly with 
increasing radial distance from the horizontal midline (linear contrast 0°>30°>60°>90°: 
F(1,15)=4.56; p=.05; all other trends F<1, see Figure 2.4). This result supports the view that the 
MNL is not putatively associated with the position of response keys, but has its own left-to-right 
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frame of reference, since the increasing incongruity between the MNL and response keys has 
significantly decreased the SNARC effect. 
 
Table 2.1 One-sample (one-sided) t-tests for SNARC effects in Experiment 1; n=16 
Position of 
the right 
hand 
mean slope 
(ms/number) t-value p 
Number of participants with 
regular (negative slopes) 
SNARC effects§ 
12 o’clock -3.48 -1.511 .075 10 
1 o’clock -4.40 -1.752 .050 9 
2 o’clock -5.00 -2.822 .007 12 
3 o’clock -7.23 -2.742 .008 12 
4 o’clock -7.29 -3.276 .003 11 
5 o’clock -5.00 -3.186 .003 15 
6 o’clock -5.29 -3.129 .004 14 
§ There was no significant difference in the probability for negative slope across positions (Cochran’s Q-test: p=.23). 7 
participants showed consistent negative SNARC-slopes in all 7 positions, while no participant had a positive slope 
throughout all conditions. 
 
The dashed line oriented at 10° below the horizontal meridian in Figure 2.3A represents the optimal 
orientation of the abstract MNL estimated from data. The line seems not to be perfectly horizontal. 
In order to examine this finding, a regression analysis was computed for the mean slope on the 
distance to the horizontal midline. SNARC slopes get flatter by .029 ms with each angle degree 
deviation (approximately 1 ms for 30°) with 45% of the variance explained. However, if the 
deviation from the optimal orientation at -10° is explored in a regression analysis, the amount of 
variance explained increases to 67% and the slope becomes flatter by .036 ms per angle degree. Thus, 
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by using the estimated optimal orientation, the data pattern can be captured in a better way. If one 
explores the results for the coefficients of determination in the same way, similar results can be 
obtained (see Figure 2.3B). In particular, in the corresponding regression analyses with R², much 
more variance can be explained, when the respective estimated optimal orientation at -17° is used 
(79%) than when the horizontal midline is used (45%). 
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Figure 2.3A SNARC regression slopes are represented as oriented vectors. Vectors are oriented in accordance with 
the corresponding response key orientation in space (see also Figure 2.1).The vector lengths are the SNARC-slopes: 
Regular (negative) SNARC-slopes result in extension towards the right hand key while reverse (positive) SNARC-
slopes would have resulted in vector orientations toward the left hand key. It can be seen that the largest SNARC-
slopes are observed at more horizontal positions 3 o’clock (b=-7.23ms) and 4 o’clock (b=-7.27ms). The bold line 
(oriented at -10° to the horizontal meridian) gives an estimate of the orientation at which the optimal SNARC effect 
might be found by averaging the vectors (weighted with their length). Figure 2.3B Coefficients of determination (R²) 
for the linear regressions as vectors. The SNARC-effects were more pronounced for the horizontal positions 3 o’clock 
(R²=0.84) and 4 o’clock (R²=0.89), and less so for the positions above the horizontal meridian 12 o’clock 
(R²=0.20) and 1o’clock (R²=0.37). The bold line (oriented at -17°) gives an estimate of the orientation with the 
highest proportion of explained variance by the SNARC-effect (largest R²).  
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Finally, the influence of hands and response keys on the SNARC effect on the two vertical positions 
12 and 6 o’clock was calculated. The SNARC effect may vary as a function of the spatial position of 
response keys (whether it is greater at 12 or 6 o’clock, regardless of hand positioning) or as a 
function of response hand (whether it is greater towards the right hand, regardless of its spatial 
position). If the spatial position of response keys is held constant and the position of hands is 
compared, the SNARC effects differed significantly (t(15)=2.67; p<.02, two-sided). In contrast, if the 
position of hands is held constant and the SNARC effects at the different spatial positions of 
response keys are compared, no significant difference was found (t(15)=1.05, p=0.30, two-sided). 
Thus, the SNARC effect depended on the response hand, but not on the spatial response key 
position. 
SNARC effect with different positions of 
response keys
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R2 = 90%
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Figure 2.4 SNARC slopes became more negative when the position of response keys was aligned with the MNL. 
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2.4. Discussion 
In Experiment 1 the SNARC effect was maximal when the MNL and the position of response keys 
were aligned and decreased when response keys were rotated (see Figure 2.4). This result supports 
the view that the MNL is represented in abstract left-to-right coordinates, which is dissociable from 
and can even be interfered with by the positioning of response keys. This result complements the 
initial findings of Dehaene and colleagues (1993), who dissociated the orientation of the MNL from 
the position of hands. Furthermore, when the MNL alone is not informative about the assignment 
of response codes (positions 12 and 6 o’clock orthogonal to the number line), the SNARC effect has 
been shown to be associated with the position of hands and not with the position of response keys. 
This result suggests that the saliency of “left” and “right” hands may be stronger than “left” and 
“right” response keys and thus easier to be associated with the MNL. 
However, the saliency of hands in Experiment 1 may be specific to the testing conditions. The 
response keys were rotated to the different positions and were always associated with the same hand. 
Therefore the larger saliency of hands may be attributed to the overlap between response keys and 
hands. To control for this confound we conducted a small control experiment in which only the 
vertical response positions 12 and 6 o’clock were examined. In contrast to Experiment 1, no 
realignment was done; response keys were fixed on the table and participants had changed the hand-
to-response-key association in the second half of the experiment. Initial alignment was 
counterbalanced across participants. 
2.5. Experiment 2 
2.5.1. Participants 
Sixteen (16 right-handed, 7 male) German participants (mean age 25.9 [19-35] years) were tested. All 
participants had normal or corrected to normal vision. 
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2.5.2. Stimuli 
Arabic digits in the range 1–8 were presented. They had a visual angle of 1.60° in height (14 mm) and 
of 1.15° in width (10 mm) from a viewing distance of approximately 50 cm. 
2.5.3. Procedure 
The procedure was very similar to that of Experiment 1. The only differences were (a) that the 
response keys remained fixed in front of participants and (b) only two positions were tested, namely 
the positions 12 o’clock and at 6 o’clock. 
2.6. Results 
The results were similar as those of Experiment 1 (see Table 2.2). There was a SNARC effect toward 
the right hand (i.e. right hand responses faster for larger numbers) on both positions (12 o’clock: 
t(15)=2.50, p<.05; 6 o’clock: t(15)=2.07, p<.05). If the spatial position of response keys was held 
constant and the position of hands was compared, the SNARC effects differed significantly 
(t(15)=2.76; p<.05, two-sided). In contrast, if the position of hands is held constant and the SNARC 
effects at the different spatial positions of response keys were compared, no significant difference 
was found (t(15)=0.55, p=0.59, two-sided). Thus, the SNARC effect depended again on response 
hands, but not on the spatial response key position in positions 12 and 6 o’clock. Therefore, the 
rotation of response keys across experimental blocks in Experiment 1 seems not to be responsible 
for the larger saliency of hands and stronger association with the MNL in orthogonal positions. 
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Table 2.2 One-sample (one-sided) t-tests for SNARC effects in Experiment 2  
n=16 
mean slope 
(ms/number) t p 
Number of participants with 
regular (negative slopes) 
SNARC effects§ 
12 o’clock -3.44 -2.502 .012 13 
6 o’clock -4.73 -2.072 .028 12 
§ In Experiment 2 ten participants showed consistent negative SNARC effect in both positions, 1 showed positive 
SNARC effects in both positions, and 5 showed one positive and one negatively oriented slope. 
 
2.7. General Discussion 
In this study the influence of the frames of reference provided by the abstract MNL, by the response 
keys and by the hands on the SNARC effect was examined. In the following the findings obtained 
and some possible explanation for them will be explained. 
Here the orientation of the abstract MNL and response keys/hands were dissociated and revealed 
that the MNL is itself left-to-right oriented. Interestingly, in Experiment 1 the SNARC effect was 
maximal in positions 3 and 4 o’clock, where response keys/hands and the MNL were aligned, 
indicating that when both frames of reference produce congruent mappings of the spatial categories 
“left” and “right” they cooperate with each other. Accordingly, when the alignment of frames was 
poor, the SNARC slopes were significantly reduced. The larger the rotation of response keys in 
relation to the left-right axis, the smaller the SNARC effect was (see Figures 2.3A and 2.4). These 
findings have two implications for the SNARC effect: they show (i) that congruity between the MNL 
and response keys/hands determines the SNARC effect, and (ii) that the orientation of the MNL 
remains left-to-right regardless of the position of response codes. Although largely accepted in the 
literature (Fias et al., 1996, Gevers et al., 2003a, Nuerk et al., 2004a), the assumption of abstractness 
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of the MNL with regard to spatial frames of reference had never been tested for the dissociation 
between the MNL and response key position. The present evidence therefore complements the 
previous findings of Dehaene and colleagues (1993) showing that the orientation of the MNL can be 
dissociated from the position of hands and are in line with the existence of a MNL oriented in a 
more abstract space representation. It is still not unequivocal evidence that the MNL is oriented 
according to abstract coordinates. Studies dissociating the MNL from other egocentric frames of 
reference like the body’s midline (Beschin, Cubelli, Della Sala & Spinazzola, 1997, Pizzamiglio, 
Commiteri, Galati & Patria, 2000) or the position of hands (Lippa & Adam, 2001) are still needed for 
characterizing an abstract MNL. 
Since the MNL is abstractly oriented from left-to-right, it may be uninformative when the response 
codes are orthogonally placed on the body’s midline. In this case, both hands and response keys 
could be used as a frame of reference for the dimension left-right instead of the MNL, which is 
oriented in a more abstract space. The results of Experiment 1 have shown that the hands provide a 
more salient frame of reference for the SNARC effect than the response keys. However, the larger 
saliency of the hands in comparison to the saliency of response keys could be specific for occasions 
when hands and response keys are rotated together. In order to control for this possibility, the 
position of response keys and hands was dissociated in Experiment 2 without rotating the response 
keys and the results remained the same as in Experiment 1. Therefore, the SNARC effect seems to 
follow the right hand when the left-to-right orientation of the MNL is uninformative with respect to 
“left” and “right” response codes. The conflict with the findings of Dehaene and colleagues (1993) 
regarding the role of hands may be resolved by an explicit differentiation of the reference frames 
provided by the MNL, response keys and hands. Since the verbal instructions of Dehaene and 
colleagues (1993) were neutral with respect to the mapping in terms of hands or response keys and 
since the response keys were aligned with the abstract MNL, it is not surprising that the abstract 
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orientation prevailed in that study. In summary, the frames provided by the MNL, response keys and 
hands seem to be more or less recruited depending on the positioning of response keys and on the 
abstract orientation of the MNL. 
2.8. Conclusions 
The SNARC effect seems to be associated with different spatial frames of reference: an abstract 
mental number line, the orientation of response keys and the left and right hand. Depending on the 
alignment of these frames of reference, the strength of the SNARC seems to be modulated. When 
response keys are positioned non-horizontally, The SNARC effect seems to decrease. Nevertheless, 
when response keys are positioned vertically, the SNARC effect follows the position of the right 
hand and not the position of response keys. Therefore it can be argued that different frames of 
reference may be relevant for the SNARC effect depending on the saliency of that frame for the 
SNARC mapping and depending on how informative other frames of reference are in each 
condition. 
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Study 2: Spatial uncertainty and the 
interaction between the SNARC effect 
and the Simon effect 
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 3.1. Introduction 
Numbers are assumed to be spatially represented on a left-to-right oriented mental number line. The 
SNARC effect (Spatial Numerical Association of Response Codes) is the main evidence thereof. As 
reported for the first time by Dehaene, Bossini and Giraux (1993; see also Fias et al., 1996; Nuerk et 
al., 2004c) the SNARC effect expresses an association of numbers and response codes. Smaller 
numbers are responded to faster with the left hand and larger numbers faster with the right one. 
In this study two questions regarding the SNARC effect will be examined. The first question 
concerns the relevance of response codes for the association of space and numbers. In other words, 
the relevance of perceptual encoding for the spatial numerical association will be investigated. 
Subsequently a second question will be examined, namely, the interaction of SNARC effect and 
other spatial associations of response codes. One way to investigate this question is to study the 
interaction of SNARC and Simon effect, because - like the SNARC - the Simon effect is based on 
encoding the dimension left-right and its association with responses. 
3.1.1. The relevance of response codes for the association of space and numbers 
Recent studies have shown that numbers can introduce bias in spatial processing. Fischer (2001) has 
shown a spatial bias when strings of Arabic numbers or even lines with single digit flankers have to 
be bisected. Spatial bias was introduced by the numerical magnitude of the digits, to the left when 
number magnitude was low and to the right when number magnitude was high (see also Fischer, 
2003, for evidence from a pointing task). Furthermore, Fischer and colleagues (2003) have 
modulated speed and accuracy of detecting lateralized targets when cueing with small and large 
numbers presented centrally. Small numbers facilitated the detection of targets at the left side and 
hampered their detection at the right side. The opposite pattern was obtained for large numbers. 
These studies clearly show that numbers may interfere with spatial processing. 
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Interestingly, there are also studies examining the reverse bias, namely, the interference of space on 
number processing. More specifically, these studies have examined the SNARC effect for different 
positions of hands in space. Firstly, Dehaene et al. (1993, Experiment 7) have tested the SNARC 
effect using Arabic numbers presented visually and with hands crossed. They observed that the 
SNARC effect was not reversed when hands were crossed. The authors concluded that the SNARC 
effect does not depend on the spatial position of the response hands but rather on the abstract 
orientation of the number line. Moreover, Fischer and Hill (2004) have presented data 
complementing the conclusion of Dehaene et al. (1993). Fischer and Hill (2004) have shown that 
when visual control over the hands is allowed and hands are crossed, the SNARC effect is not 
reversed, as previously reported by Dehaene et al. (1993). However, when visual control over the 
hands is prevented, the results are slightly different. When hands are crossed, the SNARC effect is 
not reversed, but when hands are non-crossed, the SNARC effect is not-significant. They attribute 
the non-significant SNARC effect to the stronger tactile and proprioceptive stimulation induced by 
the hand crossing, which may partially substitute for the lack of visual perception and help to build 
up a spatial reference frame for responses. In another study, Wood, Nuerk and Willmes (2002) 
examined the SNARC effect for several positions of response keys. Response keys were fixed on a 
support, which could be rotated along the horizontal axis in steps of 30°. With this apparatus one 
could change the horizontal distance between response keys and the body midline while keeping 
radial distance constant across experimental blocks. In the present experiment the hands never 
crossed the body midline. For large horizontal distances (with both hands distant from the body 
midline) the SNARC effect was significantly larger than for a smaller horizontal distance (with both 
hands close to the body midline). These findings can be interpreted as a consequence of the spatial 
congruity between response keys and the mental number line. The studies by Deahene et al. (1993), 
Fischer and Hill (2004), and Wood and colleagues (2002) show that spatial position of hands and/or 
response keys can interfere with the SNARC effect. Furthermore, these studies show that the 
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association of space and numbers is complex and that number magnitude can be associated with 
different response codes. 
Different from the studies cited above, which have examined how variations in response codes 
modulate the SNARC effect, the focus of the present study is on how perceptual encoding of 
numbers can modulate the effect. Since numbers can facilitate the detection of laterally presented 
targets, it is also possible that the lateral presentation of numbers could modulate the SNARC effect. 
When the position of numbers in space is congruent with its position on the mental number line, 
number processing could be facilitated whereas when positions were incongruent, number 
processing could be impaired. 
An examination of the current literature about number processing reveals that the triple-code model 
(Dehaene and Cohen,. 1995, see also Dehaene, 1992) is the only cognitive model, which makes a 
priori predictions about the association of space and number processing at the stage of perceptual 
encoding: It seems to predict a null interaction. Dehaene and colleagues argued that before numbers 
are processed semantically, a canonical visual number form is extracted from the retinotopic map. 
This canonical visual number form preserves only the abstract visual form of numbers and not their 
actual spatial coordinates (cf. also Caramazza & Hillis, 1990). Consequently, the activation of a 
semantic number representation should not be affected by whether numbers appear above, below, to 
the left or right on a computer screen. 
In contrast, Walsh (2003) claims that numbers, space and time are part of a generalized magnitude 
system ATOM (A Theory Of Magnitude, see also Fias et al., 2003). If number and spatial processing 
really share the same resources at the perceptual encoding stage, one might observe an interaction 
between these two processes under appropriate contextual conditions. Recently, Dehaene, and 
colleagues (2003) also suggested that the spatial orientation of the mental number line might rely on 
similar neural resources represented in the posterior superior parietal lobe as other spatial attentional 
processes. 
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There is evidence showing that perceptual features of numerical stimuli can interact with semantic 
number processing. The best examples are studies concerning physical properties of numbers 
(Tzelgov et al., 1992, Pansky & Algom, 1999) as well as their numerosity (Pavese & Umiltá, 1999; 
Pansky & Algom, 2002). These studies show that physical size and numerosity can interfere with 
semantic number processing. Large numbers are responded to faster and more accurately when they 
are presented in large font (Pansky & Algom, 1999) and when they are presented in larger quantity 
(Pansky & Algom, 2002). These studies suggest that not only numbers but also other psychophysical 
features of stimuli have access to magnitude processing (Fias et al., 2001b, Tzelgov et al. 1992). 
In order to test the triple-code model and ATOM, the SNARC effect for numbers presented in 
different spatial positions was examined. If the SNARC effect changes across stimulus positions, the 
assumption of the triple code model that only the canonical visual number form is preserved would 
be disconfirmed. Such interactions would be consistent with ATOM and its idea of shared resources. 
However, if the SNARC effect remains constant across stimulus positions, this would be consistent 
with the triple code model and the idea of canonical visual number forms. One important aspect of 
the manipulation of stimulus position is stimulus laterality. In the next section this aspect will be 
discussed in more detail. 
3.1.2. The interaction of SNARC effect and Simon effect 
When stimuli are presented laterally, ipsilateral responses are faster than contralateral ones. The 
difference contralateral – ipslateral responses in RT is called Simon effect (Simon, 1969). When 
presenting numbers laterally they should also produce a Simon effect. Since the Simon effect is due 
to the overlap between stimulus and response lateralization, and numbers are associated with spatial 
bias of responses, it is theoretically possible that SNARC and Simon effect interact. Two recent 
studies have examined this interaction, but have failed to find it (Tlauka, 2002, Mapelli et al., 2003). 
However, the null Simon by SNARC effect interaction reported in both studies may be due to the 
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specific methods and analyses used. In Tlauka (2002) participants were explicitly instructed to 
respond to the numbers “1” or “100” (“100” or “900”, in Experiment 2) with the left or right hand 
in a factorial design. Although recalling number magnitude was not asked for explicitly, but only 
number identity, both number magnitude and number identity were confounded unavoidably. This 
could artificially increase the SNARC effect across experimental conditions because more attention is 
allotted to number magnitude and could have masked the SNARC effect by Simon effect interaction. 
A parity judgement task provides a better task to investigate the SNARC effect by Simon effect 
interaction because both laterality and number magnitude are irrelevant for responding, and their 
potential activation would be due to more automatic processes. 
In the study of Mapelli and colleagues (2003) a parity decision task was employed for examining the 
interaction of SNARC and Simon effect. However, the method applied by them may have led to an 
underestimation of the SNARC effect. The authors determined a SNARC effect studying the parity 
by hand interaction in a between-participants design instead of the conventional within-participants 
design. Each of two groups was tested for only one hand x parity assignment. That means, one half 
of the participants responded only to even numbers with the right hand while the other half 
responded only to odd numbers with the right hand. 
If the right hand responds faster to larger numbers and the left hand faster to smaller numbers, the 
slope of the within-participant difference RTright – RTleft regressed on magnitude will likely be larger 
than when the slopes of RTright and of RTleft are separated in a between-participants design. For each 
single participant, the SNARC effect will probably be more consistent when the difference RTright–
RTleft is calculated for responses from both hands within one participant. In Mapelli and colleagues 
(2003), however, the RT for each number was estimated for only one hand. The SNARC effect was 
calculated as a hand x magnitude interaction between participants. This may have led to an 
underestimation of the SNARC effect. 
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Thus, a more detailed examination of the interaction SNARC by Simon effect still deserves 
consideration. In connection with the arguments presented in the previous sections, this interaction 
is possible, although it is not directly predicted by the triple-code model or by the ATOM theory of 
magnitude. 
As mentioned above, at least two hypotheses about the association of SNARC effect with stimulus 
position can be distinguished: The first hypothesis is derived from the triple-code model (Dehaene & 
Cohen, 1995). It states that stimulus location does not interfere with number magnitude, because 
semantic number processing starts after spatial location of number has been processed. Therefore, 
the SNARC effect will not depend on stimulus location. The second hypothesis is derived from the 
ATOM theory of magnitude (Walsh, 2003). It states that spatial information can interfere with 
semantic number processing, because space and numbers are encoded according to their magnitudes. 
Therefore, the mental number line can be differentially activated according to its congruence with 
the spatial position where numbers are presented. 
Both SNARC and Simon effect associate stimulus and response laterality. The Simon effect denotes 
the association of the laterality of a stimulus and of the responding hand (Kerzel, Hommel & 
Bekkering, 2001, Bosbach, Prinz & Kerzel, 2004) whereas the SNARC effect consists in the 
association of the relative position of numbers on an abstract mental number line and the responding 
hand (Dehaene et al. 1993). Therefore, both mappings try to gain access to the abstract dimension 
left/right and may possibly compete for activating a motor response. However, there are differences 
in the speed and time course of the Simon and the SNARC effect. Although Mapelli et al. report no 
change in the size of the SNARC effect with time, a recent study by Gevers, Reynvoet, Caessens and 
Fias (2003b) has shown that the SNARC slope increases with longer processing time. In contrast, the 
Simon effect is known to be smaller or even negative for slower responses (Kornblum, Stevens, 
Whipple & Requin, 1999). Furthermore, lateralized stimuli and responses are the only prerequisites 
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for the Simon effect. Therefore, as soon as the feature “at the left” or “at the right” is activated in 
the visual periphery, the Simon-mapping automatically encodes a motor response. This automatic 
response can be prepared without further integration of visual features, whereas the first activation 
of the SNARC effect depends both on the prior encoding of the visual form of numbers, and, 
subsequently, on semantic processes of higher order. In Simon-incongruent conditions, the 
automatic activation of a motor response is disadvantageous and leads to costs in RT, because the 
automatic response has to be inhibited and a new response has to be built up intentionally 
(Kornblum, Hasbroucq & Osman, 1990). Therefore, one can expect that when the Simon mapping 
is fast, it can encode a response blocking the SNARC mapping. Under this condition the SNARC 
effect should be weaker or even absent. However, when the encoding of the Simon mapping is 
slower, the SNARC mapping would have more time for encoding a response and consequently 
SNARC effect would increase. In the following three experiments the SNARC by Simon interaction 
effect and its determinants will be examined. 
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3.2. Experiment 1 
3.2.1. Participants 
Twenty four German students and research staff of the University Hospital Aachen (12 female, 
mean age 27 yrs., range 21-37 yrs.) participated in this study. All of them were right-handed, had 
normal or corrected-to-normal vision and were not informed about the purpose of the study. 
3.2.2. Parity decision task 
Participants had to decide if a number presented was odd or even by pressing the right or the left 
response key. In the first half of the experiment, odd numbers (respectively even numbers) had to be 
responded to with one hand and in the second half with the other one. Each participant responded 
to all numbers with both hands. The assignment of which hand responds first to even or to odd 
numbers was balanced across participants. The two response keys were positioned on the left and on 
the right side at a distance of 26 cm from each other. Numbers from 1 to 8 comprising a visual angle 
of 2.5° vertically and 2° horizontally from a viewing distance of 50 cm were presented on a computer 
screen for a maximum duration of 1500 ms. Preceding each stimulus a fixation cross was presented 
for 500 ms. Stimuli were shown in 12 different positions on the screen The distance from the 
fixation cross to the stimulus centre was 3.6° throughout. Each number was responded for 10 times 
at each of the 12 stimulus positions with each hand (total number of trials=1920 trials). For statistical 
analyses the 12 positions were combined in four groups consisting of three positions each: above 
(11, 12 and 1 o’clock), right (2, 3 and 4 o’clock), below (5, 6 and 7 o’clock) and left (8, 9 and 10 
o’clock). The clock metaphor (Baechthold et al. 1999) was not mentioned to the participants when 
introducing the task. Briefing of participants after the experiment revealed that none of them had 
recognized the clock-face like positioning of numbers on the screen. 
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3.3. Results 
Only 4.82% of the trials were excluded from the analysis due to wrong responses, anticipations, 
delayed responses (RT faster than 200ms or slower than 1500 ms), and RT beyond +/-3 standard 
deviations from the individual mean. 
Two analyses were carried out: First a 4 x 4 x 2 x 2 ANOVA was performed on the individual 
participants’ mean RT across correct responses to the 10 replications per factor level. The design 
comprised number magnitude (with pairs of numbers 1-2, 3-4, 5-6 respectively 7-8 merged together), 
position (positions above (11, 12 and 1 o’clock), right (2, 3 and 4 o’clock), below (5, 6 and 7 o’clock) 
and left (8, 9 and 10 o’clock) were merged together), hand (left/right) and parity (odd/even) as 
within-subject factors. Second, as a complementary analysis, the SNARC regression slopes were 
calculated for individual participants in the four stimulus positions (method adapted by Fias et al., 
1996, based on Lorch & Meyers, 1990). Left hand mean RT was subtracted from that of the right 
hand and the difference was plotted against number magnitude. More negative slopes represent 
larger SNARC effects. 
3.3.1. ANOVA 
Mean RT for all experimental conditions is shown in Table 3.1. No significant main effect of 
position was found (F(3, 69)=2.27, p=.088); mean RT for individual positions deviated less than 2 
milliseconds from the overall mean of 485 ms. This indicates that the overall mental effort to 
respond to numbers at different positions on the screen was quite comparable. Response hand also 
had no significant effect on RT (F(1,23)=2.32, p=.141): the right hand was just 4.5 ms faster than the 
left hand. 
Number magnitude had an effect on performance (F(3,69)=10.55, p<.001), but there was no linear 
trend. There was a significant hand x magnitude interaction (F(3,69)=14.32, p<.001), which 
characterizes the SNARC effect: Responses with the left hand were faster to smaller numbers and 
92 
with the right hand faster to larger numbers. When increasing number magnitude by a unit, on 
average the difference RTright - RTleft became 4.5 ms smaller on average over stimulus positions. 
There was no three-way interaction hand x magnitude x position, F(9,207)=.70, p=.700. However, 
such a complex interaction may be too unspecific for testing the SNARC effect. Presence of the 
SNARC effect assessed by more specific methods will be further explored in the following section 
about SNARC slopes. 
Table 3.1 Average RT for all experimental conditions of Experiment 1 
   Number Magnitude 
   1/2 3/4 5/6 7/8  
   right left right left right left right left Mean 
odd 494 467 495 494 500 500 482 481 489 above 
even 494 504 474 487 468 497 460 490 484 
odd 467 464 481 493 489 512 471 491 484 right 
even 478 501 470 493 467 499 454 501 483 
odd 494 459 487 485 502 502 487 486 488 below 
even 490 494 482 484 473 495 464 484 483 
odd 492 456 492 483 506 493 491 474 486 
 
 
Position 
of 
Stimulus 
left 
even 496 489 490 477 485 484 474 476 484 
  Mean 488 479 484 487 486 498 473 485 Overall 
           485.0 
 
Lateralized presentation of stimuli produced a Simon effect: there was a significant interaction hand 
x position (F(3,69)=28.90, p<.001); in horizontal positions (right and left) RT congruity effects 
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between left and right hand were large, while in vertical positions (above and below) they were much 
smaller or not present. Participants responded 12 ms faster with the left hand than with the right 
hand to stimuli presented at the left side, while they were 22 ms faster with the right hand to stimuli 
presented at the right side. At the upper position the right hand was just 6 ms faster than the left 
hand and at the bottom position only 2 ms. 
The main effect of parity did not reach significance (F(1, 23)=1.45, p=.242), but the interaction hand 
x parity was significant (F(1, 23)=6.04, p=.022); this interaction is characteristic of the MARC effect 
(Nuerk et al., 2004): with the left hand responses were 7ms faster to odd numbers and with the right 
hand 12ms faster to even numbers. Parity interacted also with magnitude (F(3, 69)=15.14, p<.001): 
odd numbers were slower than even numbers with the exception of number 1, which was the fastest 
number overall. The hand x magnitude x parity interaction (F(3,69)=6.36, p<.001) shows that the 
former magnitude x parity interaction was larger for the right hand than for the left. No other main 
effects or interaction effects reached the significance level of 5%. 
3.3.2. SNARC slopes 
SNARC–slopes were calculated for each participant in each stimulus location following the 
procedure suggested by Fias and colleagues (1996). In Figures 3.1A and 3.1B the mean individual 
SNARC slopes and the respective coefficient of determination R² for each of the 12 stimulus 
locations are shown as oriented vectors. The SNARC effect was significant in positions above 
(slope=-5.03, t(23)=5.00, p<.001), right (slope=-4.71, t(23)=5.77, p<.001), below (slope=-5.12, 
t(23)=5.35, p<.001) and left (slope=-2.87, t(23)=2.97, p=.007). Nevertheless, numerical stimuli at the 
left side led to smaller slopes than stimuli at all other locations (orthogonal contrast for specific test, 
left < above = below = right, t(23)=2.24, p=.022). These results suggest that having to detect Arabic 
numbers at the left side of screen impairs their semantic processing. 
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There was no difference in SNARC slopes at positions above and below (orthogonal contrast, above 
≠ below; t(23)=0.09, p=.932). This result suggests that vertical locations do not systematically affect 
the SNARC effect. Given that no specific hypotheses are made about the SNARC-slopes of vertical 
positioning, these data will not be analysed. 
3.3.3. Encoding the dimension left-right: Simon x SNARC interaction 
One of the most interesting results when analysing SNARC slopes is the interaction between Simon 
and SNARC effect. Both effects are concerned with a stimulus-response association. The two most 
lateral positions 3 o’clock (Simon effect=22ms) and 9 o’clock (Simon effect=12ms), with an 
eccentricity of 3.6° being comparable to the 4° stimulus eccentricity in the studies of Tlauka (2002) 
and Mapelli and colleagues (2003, Experiment 1) were chosen. The SNARC effect was estimated by 
taking RTright - RTleft when participants responded to ipsilateral (Simon-congruent) or contralateral 
stimuli (Simon-incongruent).  
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Figure 3.1 SNARC slopes (3.1A) and R² (3.1B) for the RT difference (RTright - RTleft) regressed on number 
magnitude are presented. The SNARC slopes at each of 12 clock-wise screen locations are shown separately. The size 
of the (negative) SNARC slope and R² correspond to the length of the vector projected onto the position of stimulus 
presentation. It can be seen that the size of SNARC slope and R² are smaller at left locations (positions on 8, 9 and 
10 o’clock) in comparison to other positions. In contrast, the SNARC slope is larger for positions on the right side 
(positions on 2, 3 and 4 o’clock). 
 
As shown in Figures 3.2A and 3.2B, the SNARC slope was completely flat in the Simon-congruent 
condition (-0.96ms, one-sample t(23)=.53, p=.600) whereas in the Simon-incongruent condition it 
was large (-5.99ms, one-sample t(23)=3.86, p=.001). However, since the Simon-congruent responses 
were on average 18ms faster than Simon-incongruent ones (t(23)=4.89, p<.001), it is impossible to 
disentangle the effect of automaticity in response preparation from the time course of the SNARC 
effect. In order to separate the effects of time and automaticity, the time course of the SNARC in 
Simon-congruent and incongruent conditions was examined. If Simon and SNARC effect are 
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independent, one should find larger SNARC slopes for slower trials independently of Simon 
congruity. However, if they are dependent, the SNARC slope must be larger when responses are 
slower and Simon-incongruent. In order to test these hypotheses, a percentile analysis of the 
individual participants’ RT distributions was carried out. 
 
Simon congruent
y = -0,97x - 4,48
R2 = 0,03
-60
-50
-40
-30
-20
-10
0
10
20
30
40
50
60
0 1 2 3 4 5 6 7 8 9
rig
ht
-le
ft
(m
s)
 
Simon incongruent
y = -5,98x + 23,64
R2 = 0,54
-60
-50
-40
-30
-20
-10
0
10
20
30
40
50
60
0 1 2 3 4 5 6 7 8 9
rig
ht
-le
ft
(m
s)
 
Figure 3.2 SNARC slopes for Simon-(in)congruent responses: only in Simon-incongruent mapping the SNARC 
slope is significantly different from zero (Figures 3.2A and 3.2B).  
 
B 
A 
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Regarding the time course of the SNARC effect, results similar to those of Gevers et al. (2003) have 
been obtained. Below the median the SNARC slope was only marginally different from 0 (-1.40ms, 
one-sample t(23)=1.78, p=.088) whereas above the median it was clearly different from 0 (-5.69ms, 
one-sample t(23)=3.10, p=.005). Furthermore, the difference between both slopes was significant 
(two-samples t(23)=2.61, p=.015), indicating that the SNARC increases with RT. Regarding the 
effect of Simon-congruity on the SNARC effect, differences were also found. As can be seen in 
Table 3.2, no SNARC effect for responses below the median was found in Simon-congruent or in 
Simon–incongruent conditions. In contrast, for the responses above the median a significant 
SNARC effect in the Simon-incongruent condition was found and a much smaller but still significant 
SNARC effect in the Simon-congruent condition. The reaction times in these four conditions below- 
and above-median Simon-congruent and –incongruent were 403 ms, 425 ms, 552 ms, 556 ms, 
respectively. 
These comparisons show that slower responses are associated with larger SNARC slopes, as has 
already been reported (Gevers et al., 2003b). Additionally, the SNARC slopes from those four 
conditions were compared. As can be seen in Table 3.2, the above-median Simon-incongruent 
condition produced a SNARC slope significantly larger than for Simon-congruent responses. 
Furthermore, the SNARC effect was also larger in the above-median Simon-incongruent condition 
than in both below-median conditions, both for Simon-congruent and for Simon-incongruent 
responses. Nevertheless, the SNARC slope in the above median Simon-congruent condition was not 
different from the slopes in the below median conditions, Simon-congruent and Simon-incongruent. 
This shows that the increase in SNARC slope related to longer RT was restricted to the Simon-
incongruent condition. No further comparisons were significant. In sum, the present results suggest 
that Simon and SNARC effect are related under certain conditions. The effect of response duration 
increases SNARC slopes, but cannot account for the SNARC effect alone. In the Simon-congruent 
conditions responses have been activated automatically and have attenuated the SNARC effect even 
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in the above-median condition. In the above-median Simon-congruent condition the observed 
SNARC effect was significantly smaller than zero, but was not significantly stronger than the slopes 
of the below-median conditions. Nevertheless, the advantage of a Simon-congruent mapping is 
discounted in the Simon-incongruent conditions as the Simon-mapping calls for larger encoding 
costs, increasing the SNARC effect. 
Table 3.2 SNARC slopes for Simon-congruent and incongruent conditions separately for RT below 
and above intraindividual RT median in Experiment 1 
Experiment 1, n=24  Response distribution 
  Below median Above median 
One-sample t-tests 
Simon-congruent 
RT(right right hand – left left hand) 
SNARC slope (ms) 
R² 
-.078 n.s. 
<.001 
-2.72* 
.53 
Simon-incongruent 
RT(right right hand – left left hand) 
SNARC slope (ms) 
R² 
-2.12 n.s. 
.050 
-9.30** 
.51 
Two-samples t-tests, pair-wise comparisons 
 Simon-incongruent 
below median 
Simon-congruent 
above median 
Simon-incongruent 
above median 
Simon-congruent below 
median 
t<1 n.s. t=1.17 n.s. t=3.25** 
Simon-incongruent 
below median 
- t<1 n.s. t=2.16* 
Simon-congruent above 
median 
- - t=3.94** 
* - p<.05, **- p<.01, t-test two-sided, n.s., not significant. 
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In summary, the results of Experiment 1 suggest (a) that stimulus position determines the size of 
SNARC slopes and (b) that the Simon effect can modulate the SNARC effect. However, both of 
these findings may be due to the complexity of the design in Experiment 1. Stimuli were presented in 
12 different positions on the screen whereas Tlauka (2002) and Mapelli and colleagues (2003) only 
presented stimuli at two different positions. The larger uncertainty about where numbers will be 
presented may have led to longer processing time and may have facilitated the SNARC by Simon 
effect interaction. Therefore, a more simple experiment was conducted, which only included 4 
positions. 
3.4. Experiment 2 
3.4.1. Participants 
Fourteen students and research staff of the University Hospital Aachen (9 female, mean age 26 yrs., 
range 23-32 yrs.) participated in this study. None of them has taken part in Experiments 1. All were 
right-handed, had normal or corrected-to-normal vision and were not informed about the purpose of 
the study. 
3.4.2. Task 
There were only two design changes in comparison to Experiment 1. Stimuli were presented in four 
positions 4° to the left, right, top or bottom of the centre of screen and instead of 10 there were 15 
repetitions for each experimental condition. Arabic numbers from 1 to 8 were presented to the left, 
right, top or bottom of the fixation cross and were responded to with both hands (total number of 
trials=960). Participants had to decide whether Arabic numbers were odd or even and had to press 
the right/left response key. 
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3.5. Results 
Due to wrong responses, anticipations, delayed responses (RTs faster than 200ms or slower than 
1500 ms), or an RT beyond +/- 3 standard deviations from the individual mean, 4.72% of the trials 
were excluded from the analysis. 
The SNARC slope for numbers presented at the right side was significantly different from 0 
(sloperight=-3.65, t(13)=2.57, p<.023), and at the left side only marginally different from 0 (slopeleft=-
3.05, t(13)=1.97, p=.070). However, the orthogonal contrast hypothesis, left < above = below = 
right did not reach significance (t(13)<1, n.s.), different from Experiment 1. This negative result will 
be discussed below. 
Again, the individual RT distribution was split into below- and above-median trials and the SNARC 
slopes were tested. Table 3.3 shows that the SNARC effect was significant only in the above median 
Simon-incongruent condition but not in the other conditions. The mean reaction times in these four 
conditions below- and above-median Simon-congruent and –incongruent were 381 ms, 391 ms, 489 
ms, 492 ms, respectively. 
Likewise, comparisons between those conditions were carried out. Only one comparison did reach 
significance. As can be seen in Table 3.3, the SNARC slope in the above-median Simon–incongruent 
condition (-4.97 ms) was significantly larger than in the below-median Simon-incongruent condition 
(-2.00 ms). The below median Simon-congruent and -incongruent conditions did not differ from the 
above median Simon–congruent conditions. This shows that the increase in the SNARC slope in the 
above median conditions cannot be accounted for by longer RT alone.  
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Table 3.3 SNARC slopes for Simon-congruent and incongruent conditions separately for RT below 
and above the intra-individual RT median in Experiment 2 
Experiment 2, n=14  Response distribution 
  Below median Above median 
One-sample t-tests 
Simon-congruent 
RT(right right hand – left left hand) 
SNARC slope (ms) 
R² 
-2.76 n.s. 
.39 
-3.73 n.s. 
.13 
Simon-incongruent 
RT(right right hand – left left hand) 
SNARC slope (ms) 
R² 
-2.00 n.s. 
.47 
-4.98** 
.27 
Two-samples t-tests, pairwise comparisons 
 Simon-incongruent 
below median 
Simon-congruent 
above median 
Simon-incongruent 
above median 
Simon-congruent below median t<1 n.s. t<1 n.s. t=1.05 n.s. 
Simon-incongruent below median - t=1.05 n.s. t=2.26* 
Simon-congruent above median - - t<1 n.s. 
* - p<.05, **- p<.01, t-test two-sided, n.s., not significant. 
 
In summary, the results of Experiment 2 confirm those of Experiment 1 to some extent. In general, 
the results of Experiment 2 are similar to the results of Experiment 1, but in an attenuated way. 
Regarding the effect of stimulus position, in Experiment 2 the SNARC slopes on the left and on the 
right sides did not differ, but at the same time the SNARC slope at the left was only marginally 
different from 0. Regarding the interaction Simon by SNARC effect, the SNARC slope in the 
Simon-congruent condition was also only marginally different from 0, whereas the SNARC slope in 
the Simon-incongruent condition was clearly smaller than 0. In addition, after the median split, the
102 
Table 3.4 Average correct RT and standard deviation for SNARC- and Simon effect conditions 
 Congruent conditions Incongruent conditions 
Experiment 1 
SNARC effect 484 
(68.5) 
492 
(71.7) 
Simon effect 476 
(68.2) 
500 
(71.9) 
Experiment 2 
SNARC effect 446 
(64.7) 
450 
(69.0) 
Simon effect 441 
(64.4) 
454 
(69.4) 
Experiment 3 
SNARC effect 458 
(58.2) 
464 
(59.4) 
Simon effect 456 
(58.8) 
466 
(58.5) 
 
only significant SNARC slope was found in the above median Simon-incongruent condition. The 
SNARC slopes in the below median Simon-incongruent and above median Simon-congruent did not 
differ. Therefore, like in Experiment 1, there was more evidence for the presence of SNARC in the 
Simon-incongruent condition. Furthermore, the time course of the SNARC effect cannot be 
accounted for by an effect of processing time alone. The slopes in the above-median Simon-
congruent and in the below-median Simon-incongruent conditions did not differ although the last 
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condition was 98 ms slower than the first one. Nevertheless, in Experiment 2 the effect of the Simon 
conditions on the SNARC slopes was attenuated as compared to Experiment 1. The strength of the 
Simon effect in both experiments may be responsible for this difference. Whereas in Experiment 1 
there was a Simon effect of 24 ms (see Table 3.4) and an average RT of 486 ms, in Experiment 2 the 
Simon effect was smaller, although highly significant (13 ms, t(13)=3.54; p=.004) and the average RT 
was 30 ms faster than in Experiment 1 (456 ms). Since all other parameters were kept constant 
between Experiments 1 and 2, differences in the Simon effect and average RT are due to the costs of 
responding in incongruent conditions when there is much uncertainty about where numbers will be 
presented (Experiment 1) as compared to when uncertainty only gets reduced (Experiment 2). 
In order to examine the influence of the magnitude of the Simon effect on the SNARC slopes, a 
more simple experiment including only 2 positions was carried out. In order to examine in more 
detail the time course of the SNARC effect in Simon-congruent and –incongruent conditions, the 
number of trials in each experimental condition was increased considerably. If the attenuation of 
differences between Simon-congruent and –incongruent conditions obtained in Experiment 2 was 
due to the smaller uncertainty about where numbers will be presented, one can expect an even 
stronger attenuation from Experiment 3, as reaction times in Experiment 3 should be faster than 
those in Experiments 1 and 2, and the Simon effect at least as small as in Experiment 2. In 
agreement with Experiment 2, the differences between the SNARC slopes at the left and the right 
should not be significant. Like in Experiment 2 the SNARC slopes in the Simon-incongruent 
condition are expected to be significantly different from 0 but not in the Simon-congruent condition. 
Finally, the SNARC slopes in the conditions below-median Simon-incongruent and above median 
Simon-congruent should not differ, like in the previous experiments. 
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3.6. Experiment 3 
3.6.1. Participants 
Seven students and research staff of the University Hospital Aachen (4 female, mean age 28 yrs., 
range 18-43 yrs.) participated in this study. None has taken part in Experiments 1 or 2. All 
participants were right-handed, had normal or corrected-to-normal vision and were not informed 
about the purpose of the study. 
3.6.2. Task 
Compared to Experiment 1, only two modifications in the design were introduced: Stimuli were 
presented in two positions 4° to the left or to the right of the centre of screen, and the number of 
trials was increased to 80 repetitions for each experimental condition. The large number of 
repetitions was chosen to reduce individual variability and reveal even small differences between 
experimental conditions. Arabic numbers from 1-8 were presented left or right of the fixation cross 
and were responded to with each hand (total number of trials=2560). Participants had to decide 
whether Arabic numbers were odd or even and press the right/left response key. 
3.7. Results 
Due to wrong responses, anticipations, delayed responses (RTs faster than 200ms or slower than 
1500 ms), and RTs beyond +/-3 standard deviations from the individual mean, 4.73% of trials were 
excluded from the analysis. 
SNARC slopes for numbers presented at the left and the right position were both significantly 
different from 0 (slopeleft= -4.72, t(6)=2.46, p=.05 and sloperight=-5.45, t(6)=2.87, p<.028), and did 
not differ from each other (t(6)<1, n.s.). These results indicate a failure to replicate Experiment 1 
concerning the effect of stimulus position on SNARC slopes. 
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Table 3.5 SNARC slopes for Simon-congruent and incongruent conditions separately for RT below 
and above intra-individual RT median in Experiment 3 
Experiment 3, n=7  Response distribution 
  Below median Above median 
One-sample t-tests 
Simon-congruent 
RT(P3 right hand – P9 left hand) 
SNARC slope (ms) 
R² 
-2,12 n.s. 
.18 
-4,58* 
.34 
Simon-incongruent 
RT(P9 right hand – P3 left hand) 
SNARC slope (ms) 
R² 
-4,93* 
.35 
-6,44* 
.71 
Two-samples t-tests, pair-wise comparisons 
 Simon-incongruent 
below median 
Simon-congruent 
above median 
Simon-incongruent 
above median 
Simon-congruent below median t=2.0 n.s. t=2.27 n.s. t=2.72* 
Simon-incongruent below median - t<1 n.s. t=1.28 n.s. 
Simon-congruent above median - - t=1.08 n.s. 
* - p<.05, **- p<.01, t-test two-sided, n.s., not significant. 
 
Thus, the individual RT distributions were split into below- and above-median responses and tested 
the SNARC slopes for deviation from 0. Only the three slower conditions were associated with 
significant SNARC slopes. Table 3.5 shows that SNARC effect was not significant in the below-
median Simon-congruent condition. However it was significant in the below-median Simon–
incongruent condition. Above-median, a significant SNARC effect was found in the Simon-
congruent condition and also in the Simon-incongruent condition. The average reaction times in 
these four conditions below- and above-median Simon-congruent and –incongruent responses were 
379 ms, 396 ms, 469 ms, 478ms, respectively. Likewise, a look at comparisons between conditions 
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with the two-samples t-test reveals that only the comparison below-median Simon–congruent with 
above-median Simon–incongruent conditions remained significant. (see Table 3.5). SNARC slopes in 
the below-median Simon–incongruent, above-median Simon–congruent and above-median Simon–
incongruent conditions were not significantly different from each other (in all comparisons 
t(6)<1.30, n.s.). As predicted, the average RT in Experiment 3 (453 ms) was faster than in 
Experiment 1 and comparable to that of Experiment 2. Furthermore, the SNARC slopes at the left 
and at the right did not differ. Like in Experiment 2 the SNARC slope at the left side was only 
marginally different from 0. As shown in Table 3.3, the Simon effect (10 ms) was numerically smaller 
than in Experiment 1, but statistically significant (t(6)=3.14; p=.02). As predicted above, the impact 
of the size of the Simon effect on SNARC slopes was attenuated. 
Finally, the SNARC slopes in conditions below-median Simon-incongruent and above median 
Simon-congruent did not differ (t(6)<1, n.s.), like in the previous experiments. 
In summary, the results of Experiment 3 supported the two main findings of Experiments 1 and 2: 
(a) the difference between SNARC slopes at the left and the right is not significant, and (b) the 
interaction between Simon and SNARC effect was attenuated in comparison to Experiment 1. In 
both cases, when reducing the number of positions where Arabic numbers are presented, RT was 
faster and the Simon effect smaller. Consequently, the Simon by SNARC effect interaction was 
attenuated. 
   107 
3.8. General Discussion 
In this study were investigated (a) the SNARC effect for numbers presented at different positions 
and (b) the interaction of Simon and SNARC effect. Except for Experiment 1, systematic differences 
in SNARC slopes for numbers presented eccentrically were not found. Nonetheless, an interaction 
of Simon and SNARC effect could be observed. One determinant of this interaction was the number 
of positions where stimuli were presented. The interaction Simon by SNARC effect was stronger 
when uncertainty about where numbers will be presented increases. In the following sections these 
results will be discussed. 
3.8.1. SNARC effect at different positions 
In Experiment 1 the SNARC effect was significantly smaller at the left side than in all other positions 
tested. This finding suggests that the position of stimulus presentation is relevant for encoding 
number magnitude and that the positions at the left side impair access to number magnitude. These 
results suggest that the retinal coordinates of numerical stimuli can interfere with access to 
magnitude representation and encoding of number semantics. These results cannot be accounted for 
by the triple-code model of Dehaene and Cohen (1995), which states that the visual number form 
encodes Arabic numbers only in an abstract format. In contrast to the triple-code model, the ATOM 
theory of magnitude (Walsh, 2003) can explain the results of Experiment 1. ATOM assumes that 
magnitude is represented in spatial, temporal and numeric formats in the same cognitive module. 
Therefore, information about the position of stimuli in space could interfere with the encoding of 
number magnitude. This is what was found in Experiment 1: The SNARC effect was smaller at the 
left than at the right position. 
One possible reason for this finding is that directing selective attention in space facilitates or 
interferes with the orientation of the mental number line. It has already been shown that in visual 
detection tasks number magnitude can influence spatial attention shifts in a specific way (Fischer et 
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al., 2004). Vice versa, one might assume that attention shifts may also influence spatial number 
representations: when the stimulus is on the right the attention shift from the middle to the right is 
congruent to the spatial left-to-right orientation of the mental number line. In contrast, an attentional 
shift to the left is incongruent. It has been shown that the default left-to-right orientation of the 
mental number line can be modified by spatial numerical characteristics of an external object (e.g. a 
clock, Baechthold et al., 1999). In a similar way, the spatial orientation of the mental number line 
might have been altered by attentional shifts in congruent or incongruent direction. Congruent shifts 
of attention (to the right) might enhance the spatial activation of the oriented mental number line 
while incongruent shifts (to the left) may interfere with it. Consequently, this might be the reason 
why the SNARC effect as an index of the oriented mental number line is smaller on the left side. 
However, the results of Experiment 1 concerning effects of the position of stimuli could not be 
replicated in Experiments 2 and 3. In these experiments SNARC slopes were comparable on the left 
and on the right. Differences in the strength or in the reliability of SNARC slopes across experiments 
cannot explain these negative findings. As can be seen in Tables 3.3 and 3.5, the SNARC slopes in 
Experiments 2 and 3 were as reliable as in Experiment 1 or even more reliable. The larger response 
stability in Experiments 2 and 3 was probably caused by more repetitions and consequently, a more 
precise estimation of effects. Thus, the effect of position found in Experiment 1 might be specific 
for more complex visual displays, where uncertainty about stimulus position is higher. Nevertheless, 
in both Experiments 2 and 3 SNARC slopes at the left side were only marginally significant, in 
contrast to the right side, where they were always significant. 
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3.8.2. Simon x SNARC effect interaction 
It could be shown that the Simon and the SNARC effect interact when numbers are presented 
eccentrically. The present results point out two aspects of the Simon by SNARC effect interaction, 
namely, that (a) the Simon and the SNARC effect compete for encoding the left-right dimension, 
therefore sharing the same cognitive resources and (b) that the Simon by SNARC effect interaction 
is related to uncertainty about where numbers are presented. This second aspect has been the most 
important determinant of the Simon effect and its interaction with the SNARC effect in this study. 
In Experiments 1 to 3 the frequency of occurrence of each position was changed from 8.3% (12 
positions) to 25% (4 positions) and 50% (2 positions). With this manipulation the mean RT, the 
Simon effect as well as its interaction with the SNARC effect decreased. In Experiment 1 there was a 
Simon effect of 24 ms whereas in Experiments 2 and 3 it was 13 ms and 10 ms, respectively. 
Accordingly, both effects of time course and of Simon-congruity on the SNARC slope became 
smaller or non-significant when uncertainty diminished from Experiment 1 to 3. The results of 
Experiment 1 are a replication of the findings of Gevers et al. (2003b) concerning the time course of 
the SNARC effect. Furthermore, the results of Experiment 1 show that Simon-congruity induced a 
clear modulation on the SNARC slopes. Not only the SNARC slope in the above-median Simon-
incongruent condition was larger than in all other conditions, but also the slopes in the above-
median Simon-congruent and below-median Simon-incongruent condition did not differ. Therefore 
the large RT difference between below- and above-median conditions cannot account for the larger 
SNARC slopes alone. In Experiments 2 and 3 the differences were attenuated. The SNARC slopes 
increased only numerically in Experiment 2 and in Experiment 3, there was no difference between 
fast and slow responses regarding the SNARC slopes. The SNARC slope in the above-median 
Simon-incongruent condition was the largest and different from 0 in both experiments. Furthermore, 
the SNARC slope in the above-median Simon-incongruent condition differed from the slopes of 
below-median Simon-incongruent (Experiment 2) and below-median Simon-congruent (Experiment 
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3) conditions, but not from the above-median Simon-congruent condition. Nevertheless, the 
difference between below-median Simon-incongruent and above median Simon-congruent responses 
was never significant, supporting the view that the differences in SNARC slopes cannot be 
accounted for by the time course alone. Therefore, the negative results of Mapelli and colleagues 
(2003) concerning the Simon by SNARC effect interaction can be easily understood in the light of 
the present results. The Simon by SNARC effect interaction may depend on higher positional 
uncertainty than that provided by 2 positions on the screen. Mapelli and colleagues (2003) obtained a 
Simon effect of 10 ms in their Experiment 1, exactly the same as was found in Experiment 3. In 
both cases low positional uncertainty led to smaller differences in RT for Simon-congruent and –
incongruent conditions and fully attenuated the Simon by SNARC effect interaction. 
In summary, positional uncertainty was an important determinant of the Simon by SNARC effect 
interaction in the present study. Since higher uncertainty was related to a larger Simon effect, perhaps 
other factors which can increase the computational costs of the Simon-mapping are also important 
for modulating the Simon by SNARC effect interaction. Since Simon and SNARC effect have 
different time courses and since the Simon effect is computed more automatically, it would be 
surprising if their interaction could not be modulated by contextual factors. 
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3.9. Conclusions 
In a series of three experiments it was shown that uncertainty about the position of Arabic numbers 
has important consequences for the SNARC effect as well as for its interaction with the Simon 
effect. When numbers appear in many different positions (high uncertainty, Experiment 1), SNARC 
slopes are smaller at the left than at any other position. Moreover, this effect disappears when 
numbers are presented in only a few positions (Experiments 2 and 3). Furthermore, the Simon effect 
and its interaction with the SNARC effect are stronger when uncertainty about the position of 
numbers is higher. Therefore, one may conclude that SNARC and Simon effect share some cognitive 
resources; however, since the Simon effect is computed more automatically, the interaction SNARC 
by Simon effect only can be detected when the costs of Simon-incongruity are high. 
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4.1. Introduction 
In 1993 Dehaene and colleagues published a seminal paper concerning the automatic activation of 
number magnitude which they found to occur even when it was task-irrelevant. In parity (odd-even) 
judgment tasks, they found that responses to larger numbers were consistently faster for the right 
hand key while responses to smaller numbers were faster for the left hand key. They termed this 
effect the SNARC (Spatial Numerical Association of Response Codes) effect and concluded that it 
indicates automatic access to an analogue and amodal magnitude representation (see also Dehaene & 
Cohen, 1995, 1997; Dehaene et al., 2003). The modality-independence of the SNARC effect, 
however, has never been tested. 
Although different pathways or conversion routes may lead to an abstract magnitude representation, 
virtually all current models of number processing assume the existence of such a magnitude 
representation (e.g., see Cohen & Dehaene, 2000; Dehaene, 1992; Dehaene & Cohen, 1995, 1997, 
for the triple code model and its anatomico-functional successors; McCloskey, Caramazza & Basili, 
1985; McCloskey, 1992; McCloskey & Macaruso, 1995, for a model with one central symbolic 
semantic magnitude representation; Cipolotti & Butterworth, 1995 for an extension of the 
McCloskey model; but see Campbell & Clark, 1992; Campbell, 1994 for a contrasting view with 
regard to an amodal magnitude representation in their encoding complex model). Although the 
centrality of a magnitude representation is disputed, no model assumes this magnitude representation 
to be notation- or modality-specific. However, there are very few studies that have used modalities 
other than the visual modality in elementary numerical tasks. Zorzi and colleagues (2002) have tested 
neglect patients with a number bisection task (“What is the middle between 1 and 9?”) using auditory 
presentation. They found that the answers were systematically shifted to the right. Thus, at least in 
these neglect patients, the spatial representation of the mental number line was also modulated 
systematically when the stimuli were presented in an auditory rather than a visual modality. 
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The SNARC effect has been found to be relatively consistent over a wide range of experimental 
manipulations and participant groups (Fias & Fischer, in press; Gevers & Lammertyn, in press, for 
reviews about the SNARC effect). In their first paper, Dehaene and colleagues demonstrated the 
effect for Arabic numbers and – albeit somewhat weaker – for number words, for both highly skilled 
and less skilled individuals, and for both left- and right-handed participants (Dehaene et al., 1993). 
Moreover, the SNARC effect can be found for different notations, such as negative numbers 
(Fischer, 2003; Fischer & Rottmann, in press; Nuerk et al., 2004c), number words (Fias, 2001, Nuerk 
et al., 2004c) and for different kinds of stimuli such as letters, months or days (Gevers et al., 2003a; 
but see letter judgement in Dehaene et al., 1993, Exp. 4 for a null effect). Recently, a SNARC effect 
for Arabic numbers, number words, and German number signs was observed in German signers 
(Iversen, Nuerk & Willmes, 2004; Iversen, Nuerk & Willmes, submitted). For Arabic numbers 
(although not necessarily for other notations) the effect can be found across different tasks, such as 
phoneme detection (Fias et al., 1996, Fias, 2001), symmetry judgment (Huha, Berch, & Krikorian, 
1995), parity judgment (Dehaene et al., 1993; Fias et al., 1996) as well as magnitude comparison (e.g., 
Dehaene et al., 1990; Nuerk, Bauer, Krummenacher, Heller & Willmes, in press b). Interestingly, the 
simple use of Arabic numbers as a fixation point already leads to SNARC-specific variations which 
might be interpreted as spatial shifts of attention induced by a simple perceptual encounter with 
numbers (Fischer et al., 2003). In addition to eye movement (Fischer, Warlop, Hill, & Fias, 2004) and 
RT data, reliable SNARC effects have also been observed for error data (Nuerk et al., 2004c). Thus, 
the SNARC effect is a stable and replicable effect across different stimulus materials, tasks, and 
dependent variables. However, it appears to be most stable for Arabic notation. For other notations 
such as number words the SNARC effect may depend more strongly on the particular task demands. 
Arabic notation may thus be the stimulus notation which most automatically activates number 
magnitude. 
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In all SNARC experiments which have been conducted so far the stimuli were visual. This is 
surprising because an abstract semantic and amodal magnitude representation is supposed to be 
responsible for the SNARC effect, i.e., it indexes automatic access to magnitude and its spatial 
orientation for visual and auditory input alike. However, this modality independence assumption has 
never been tested. Is there an automatic pathway from auditory input to magnitude representation? 
And if so, how does it differ from the automaticity present in the different visual pathways. Given 
that the pathway from Arabic input notation to the magnitude representation seems to be more 
automatic than for verbal material, at least five hypotheses can be postulated: 
1. The SNARC effect is a visual effect: No SNARC effect should be found for auditory input. 
2. Auditory input is a verbal input and as such comparable to number words: Therefore, the 
SNARC effect for auditory input should be similar to number words but smaller than for Arabic 
notation. 
3. Auditory input is comparable to the default visual input (which is Arabic notation in Western 
culture): Therefore, the auditory SNARC effect should be comparable to the SNARC effect for 
Arabic numbers. 
4. Whereas different visual inputs (Arabic, number words, but also Roman numbers or dice dot 
patterns) project to the same analogue magnitude representation and thus the different visual 
pathways may interfere with one another, the pathway from auditory input to analogue magnitude 
representation is unique (at least within one language). Therefore, auditory input may lead to a 
stronger SNARC effect than any visual input. 
5. The SNARC effect is independent of modality (and notation). The SNARC effects for 
different modalities and notations do not differ at all. 
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In the current experiment, these hypotheses were examined by comparing the SNARC effect for 
auditory input with visual Arabic input, visual number word input, and – as a visual control notation 
– with dice dot patterns. In contrast to many previous studies, the notations were compared within 
participants and with a larger sample size to enhance the statistical power of the SNARC 
comparisons. 
4.2. Methods 
4.2.1. Participants  
32 German students and research staff of the University Hospital Aachen (16 female, mean age 25 
yrs., range 18-37 yrs.) participated in this study. All of them had normal or corrected-to-normal 
vision and were right-handed. Participants were not informed about the purpose of the study. 
4.2.2. Parity decision task 
Numerical stimuli were presented in four different formats (see Figure 4.1): Arabic numbers (AN), 
visual number words (NW), auditory number words (AW) and dice dot patterns (DI). Numbers in 
different formats were presented in separated blocks of trials. Numbers from 0 to 9 were presented 
10 times each (100 valid trials) in each block plus 10 practice trials. The order of presentation for 
different stimulus formats was balanced across participants in a Latin-square design, resulting in four 
different sequences (AN/NW/AW/DI, NW/AW/DI/AN, AW/DI/AN/NW and 
DI/AN/NW/AW).  
Participants had to decide if a numerical stimulus was odd or even by pressing the right or the left 
response key. The assignment of which hand was to respond to even or to odd numbers first was 
balanced across participants. After stimuli were presented in all formats in the first 4 blocks, the 
parity x response hand assignment was changed (from even-right/odd-left to even-left/odd-right or 
vice versa). The experiment comprised 8 blocks (= 8 x 100 trials). Participants responded using two 
keys at a distance of 26 cm from each other, positioned in front of them on the left and right side. 
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Arabic numbers from 0 to 9 comprised a visual angle of 2.5° vertically and 2° horizontally from a 
viewing distance of 50 cm and number words a visual angle of 2.5° vertically and on average 3.5° 
horizontally. Dice patterns were presented inside of a square frame subtending a visual angle of 4° 
vertically and horizontally. All visual stimuli were presented on a computer screen for a maximum 
duration of 1500ms. After each visual stimulus, a fixation cross was presented for 500 ms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Stimuli presented. 
Number 
Words 
Arabic 
Number 
Auditory 
Number 
Dice Patterns 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
null 
eins 
zwei 
drei 
vier 
fünf 
sechs 
sieben 
acht 
neun 
„null“ 
„eins“ 
„zwei“ 
„drei“ 
„vier“ 
„fünf“ 
„sechs“ 
„sieben“ 
„acht“ 
„neun“ 
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Auditory number words were recorded from a male voice uttered in normal speed and were 
presented via sound boxes positioned below the computer screen at the same rate as the visual 
stimuli. In auditory trials a fixation cross was presented during the whole block and participants were 
instructed to fixate. For all stimulus formats reaction time (RT) was recorded for a maximum of 1500 
ms from the beginning of stimulus presentation. Presentation of stimuli and registration of RT were 
controlled using the Presentation software (www.nbs.com). 
4.3. Results 
7.1% of trials were excluded from the analysis due to wrong responses, anticipations (RTs faster than 
200ms) or RT outside +/-3 standard deviations from the individual mean. There was no trade-off 
between mean RT and error rate (r=-.331; p>0.05). Two analyses were carried out: First a 2 x 2 x 4 x 
4 repeated-measures ANOVA was performed on mean individual RT across correct responses. The 
design comprised responding hand (left/right), parity (odd/even), magnitude (with pairs of numbers 
1-2, 3-4, 5-6 and 7-8 merged together and stimulus format (AN, NW, AW, DI) as within-subject 
factors. Numbers 0 and 9 had to be excluded because one participant responded at random to zero 
in auditory and dice dot pattern presentation. Second, as a complementary analysis, SNARC 
regression slopes for individual participants were analyzed in the four stimulus formats (method 
adapted by Fias et al., 1996 based on Lorch & Meyers, 1990). Finally, in order to study the time 
course of the SNARC effect, a median-split analysis of RT was conducted. 
4.3.1. ANOVA 
The statistical effects for RT and error rates were quite similar, therefore only the results for RT will 
be reported. Number format had a significant effect on RT (F(3,93)=298.65; p<.001). Arabic 
numbers were responded to fastest (487ms) followed by dice dot patterns (538ms), number words 
(574ms) and auditory numbers (909ms). The large RT difference between auditory presentation and 
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the other formats is due to the duration of the auditory stimuli, as RT was always registered from 
stimulus onset on. 
Response hand had no effect on RT (F(1,31)<1; n.s). However, the interaction hand by magnitude 
was significant (F(3,93)=5.55, p=.002), characterizing the SNARC effect. The interaction hand by 
magnitude by format was not significant: in the ANOVA the size of the SNARC effect was 
comparable in all number formats. 
The main effect of parity was also significant (F(3,93)=5.91; p=.02) revealing an odd effect. Odd 
numbers (620ms) were responded to more slowly than even numbers (612ms). The main effect of 
magnitude was also significant (F(3,93)=13.14; p<.001). 
Some other interactions also reached significance: the two-way interactions format by magnitude 
(F(9,279)=26.72, p<.001), magnitude by parity (F(3,93)=11.08, p<.001), and the three-way 
interaction format by magnitude by parity (F(9,279)=36.65, p<.001). Mostly, these interactions are 
related to particularly slow responses to single numbers in a particular notation rather than to 
systematic trends. Therefore, they will not be interpreted in detail. However, in Appendix A (cf. 
Section 4.6), all mean RTs and standard deviations for all conditions are reported to provide the 
reader with a full overview of the data and the possible sources of these interactions. 
4.3.2. SNARC slopes 
More interesting than the ANOVA results were the analyses of the individual SNARC slopes. 
SNARC slopes were calculated as suggested by Fias and colleagues (1996, see above). For each 
participant and each single number, mean RT for the left hand response was subtracted from mean 
RT for the right hand response. For each individual, a linear regression was computed in which this 
RT difference was predicted by number magnitude and in which the regression slope was estimated 
for each individual participant separately. More negative slopes represent larger SNARC effects (see 
Figure 4.2). The validity of these results was examined further by testing the individual SNARC 
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slopes for each condition against 0. All SNARC slopes were significantly below 0. Number formats 
were compared for differences in these individual SNARC slopes. There was no indication of any 
difference (all t(31) between .10 and .50; all p >.610 uncorrected). 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 The SNARC effect was significant (tested one-sided) in four different presentation formats: Arabic 
numbers (p<.01), number words (p<.05), auditory numbers (p<.05), dice dot patterns (p<.05). 
 
In order to study the time course of the SNARC effect, an RT median-split was conducted. The 
median for each participant in each condition of the experimental design was calculated. Then the 
individual SNARC slopes were estimated for responses below and above the median separately. All 
responses equal to the median were excluded from the analysis. A 4 x 2 repeated-measures ANOVA 
was calculated with number format slow/fast responses as factors with the SNARC slope as 
dependent variable. Only the main effect slow/fast response reached significance (F(1,31)=10.97, 
p=.002): the SNARC slopes were significantly larger when responses were slower (-5.75ms) than 
when they were faster (-2.17ms). Neither the main effect of number format (F(3,93)<1, n.s.) nor the 
interaction with slow/fast responses (F(3,93)<1, n.s.) reached significance. These results show that 
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the SNARC effect increased with processing time and that this increase does not depend on number 
format or modality. In particular, there was no indication that the SNARC slope for auditory 
presentation differed from the SNARC slopes in other presentations in any analysis. 
4.4. Discussion 
4.4.1. The SNARC effect is amodal 
The results indicate that the SNARC effect is not a visual effect. For the auditory as well as for the 
visual modality, the SNARC effect indexes the existence of an automatic pathway to an amodal 
semantic magnitude representation. For visual stimuli, a SNARC effect was found for Arabic 
numbers, number words, and dice dot patterns. It is important to note that the SNARC effect for 
auditory stimuli in the present study was not different from the SNARC effect for Arabic numbers 
or number words or dice dot patterns. Thus, no indication was found that visual (Arabic) numbers 
possess more direct and automatic access to the abstract semantic magnitude representation than 
auditory numbers. In sum, only hypothesis 5 from section 4.1 is corroborated by the results of this 
study. 
4.4.2. A word on the MARC effect 
Furthermore, these findings will be discussed with regard to the MARC effect (Nuerk et al., 2004c) 
which was not the core interest of this study. The MARC effect denotes an association between 
stimulus (parity) and response (left hand /right hand) attributes which are linguistically marked or 
unmarked, respectively (cf. Nuerk et al., 2004c, for details). Markedness-congruent stimulus response 
pairs (even number and right hand response/odd number and left hand response) are usually 
responded to faster than markedness-incongruent trials (even – left; odd –right; Nuerk et al., 2004c, 
see also Berch et al., 1999). Previously the strongest MARC effect has been observed for number 
words. In this study, no main MARC effect was observed (all t(31) between .12 and 1.34; all p >.190 
uncorrected). However, closer inspection of the data revealed that the MARC effect depended 
124 
strongly on the sequence of stimulus notations administered to the participants. For number words, 
the usual MARC effect was replicated when participants started the experiment with Arabic notation 
(t (31) =3.50, p =.01). However, when the experiment was started with dice dot patterns, a tendency 
was seen for a reverse MARC effect for number words (t(31) =2.13, p=.07, two-sided), resulting in a 
null overall MARC effect. In previous research, two Arabic notations (positive and negative Arabic 
notation) were associated with an overall MARC effect (Nuerk et al., 2004c). In this research, a 
MARC effect was also observed for number words, but only when the experiment started with the 
Arabic notation (which was one of four possible notations).  
Thus, it would seem that the coupling between the markedness of stimulus attribute (odd/even) and 
response (left hand/right hand) operates in a flexible and task-dependent way. The SNARC effect is 
known to be task- and range dependent. When the number range is [0, 5], the numerals 4 and 5 are 
responded to faster with the right hand, because they are the largest numbers in the available range 
while the same numerals are responded to faster with the left hand when the number range is [4, 9] 
and they are the smallest numbers in the range. In a similar way, the markedness association between 
stimulus and responses seems to depend on the associations triggered by the experimental setting.  
Deaf signers, for instance, showed a very reliable MARC effect which was, however, the reverse of 
that seen for hearing participants. Future research needs to specify under which conditions and in 
which participants the markedness association between stimulus and responses operates in its task-
specific and possibly participant-specific way.  
4.4.3. Magnitude representation may be amodal but its spatial association not  
In a study with the intriguing title “A SNARC in the dark”, Fischer and Hill (2004) recently 
investigated the SNARC effect in a dark room with auditory stimulation. They observed a SNARC 
effect only when the response hands were crossed, but not in the usual response hand allocation 
parallel to the respective response key (i.e. the right hand on the right response key and the left hand 
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on the left; Fischer & Hill, 2004). This result contrasts with the findings of the present study in 
which an ordinary SNARC effect was obtained with the parallel response hand allocation.  
The integration of these two findings may offer interesting insights about the nature of the spatial 
association with number magnitude. The present study suggests that the modality of the stimulus 
input may not be important for an observation of the SNARC effect. However, the built-up of a 
response-based spatial reference frame which could be associated with number magnitude seems to 
depend on its visual perception. If the participant does not visually perceive his hands as being on 
the right or left side of space, he may not be able to build up a spatial reference frame for the 
responses and consequently, he might not be able to produce a spatial-numerical stimulus-response 
association, namely the SNARC effect. Fischer and Hill suggested that the results may be different 
with crossed hands, because the stronger tactile and proprioceptive stimulation induced by the 
experimental setting of crossed hands (with forearms touching each other) may partially substitute 
for the lack of visual perception and help to build up a spatial reference frame for responses which 
can then be associated again with number magnitude again. Thus, while the modality of stimulus 
input seems to be irrelevant for the activation of number magnitude, its association with space may 
critically depend on strong external (visual or tactile) feedback from the response-based spatial frame 
of reference. 
From a more general perspective, these findings are also interesting with respect to the issue of 
spatial stimulus-response associations as indexed by the Simon effect (Simon, 1969). Like the 
SNARC effect, the Simon effect tends to prevail at the same response key positions (at least in 
choice reaction tasks, cf. Anzola, Bertolomi, Buchtel & Rizzolatti, 1977) with visual stimulation even 
when participants respond with crossed hands or crossed tools (Riggio, Gawryszewski & Umiltà, 
1986; Wallace, 1971, Wascher et al., 2001, but see Roswarski, & Proctor, 2003a, b for comments on 
the latter study). For auditory stimulation the Simon effect is mostly replicated with parallel hand 
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position, however, the results for crossed hands tend to be more variable (Simon, Hinrichs & Craft, 
1970; Wascher et al., 2001; Roswarski, & Proctor, 2003b). The integration of the present results with 
those of Fischer and Hill also seems to suggest that the existence (or non-existence) of visual or 
tactile spatial feedback might be a factor that contributes to the variability of spatial stimulus-
response congruity effects in the auditory modality. 
4.5. Conclusions 
It has often been assumed that the SNARC effect indexes an automatic association from (visual or 
auditory) number input to a semantic (amodal) number magnitude representation, but this has never 
been tested. This study employing a within-participant design and a rather large sample size shows 
that the SNARC effect for auditory input does not differ from other visual inputs such as Arabic 
notation, number words or dice dot patterns. This is good news for researchers studying the spatial 
representation of numbers: the SNARC effect is indeed an index for a general and amodal magnitude 
representation of numbers and thus allows for general and modality-independent conclusions about 
the nature of number representations. 
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4.6. Appendix I: Descriptive statistics for RT in all experimental conditions 
 
Modality Hand Magnitude 
     RT(ms)/ 1 2 3 4 5 6 7 8 
Arabic right Mean 494,2 472,8 488,1 470,0 481,1 479,6 475,0 465,1 
  SE 13,1 11,2 16,0 11,7 12,0 11,6 14,9 12,4 
 left Mean 478,7 473,1 473,2 469,0 482,5 487,1 489,5 475,0 
  SE 14,0 14,1 13,0 12,5 10,9 14,0 12,3 11,8 
Words right Mean 579,0 541,5 536,2 528,3 532,8 552,7 546,0 522,3 
  SE 14,7 14,0 12,2 13,7 12,7 14,4 12,2 11,9 
 left Mean 561,8 527,6 529,5 538,1 534,7 547,9 541,4 535,0 
  SE 17,9 14,1 16,3 14,0 12,4 12,6 15,2 11,5 
Auditory right Mean 870,0 907,4 867,6 917,2 980,7 908,5 909,7 821,0 
  SE 18,6 19,6 22,3 18,1 19,9 15,1 22,2 19,5 
 left Mean 839,8 901,9 859,0 925,5 983,4 899,2 910,1 830,6 
  SE 16,7 18,9 20,9 19,2 16,0 19,1 19,8 18,2 
Dice right Mean 551,7 523,8 549,3 511,5 542,1 524,4 589,9 587,4 
  SE 21,4 18,6 24,8 21,4 26,3 21,1 32,9 31,3 
 left Mean 527,4 542,0 517,0 524,2 532,1 555,7 584,1 606,6 
  SE 21,9 19,9 19,7 23,2 26,4 25,4 33,0 30,4 
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4.7. Appendix II: Descriptive statistics for error rates in all experimental conditions 
Modality Hand Magnitude 
    errors(%) 1 2 3 4 5 6 7 8 
Arabic right Mean% 12,2 9,1 4,4 7,8 5,9 7,2 6,3 4,1 
  SE% 0,2 0,1 0,2 0,2 0,2 0,2 0,2 0,1 
 left Mean% 4,7 7,2 7,2 1,3 5,3 9,1 6,3 7,2 
  SE% 0,2 0,2 0,2 0,1 0,2 0,2 0,2 0,2 
Words right Mean% 17,5 8,8 5,9 3,8 6,6 5,6 5,3 2,8 
  SE% 0,3 0,1 0,1 0,1 0,2 0,1 0,2 0,1 
 left Mean% 10,3 6,3 3,8 6,6 4,7 9,1 6,3 7,2 
  SE% 0,2 0,2 0,1 0,1 0,1 0,2 0,2 0,2 
Auditory right Mean% 12,5 7,8 5,6 5,0 7,5 3,4 8,4 5,0 
  SE% 0,2 0,2 0,2 0,2 0,2 0,2 0,2 0,1 
 left Mean% 4,1 4,1 2,2 3,8 6,9 8,4 2,8 6,3 
  SE% 0,2 0,1 0,1 0,2 0,2 0,1 0,2 0,2 
Dice right Mean% 10,9 15,0 7,8 3,1 7,5 5,0 10,3 10,9 
  SE% 0,3 0,3 0,2 0,2 0,2 0,2 0,3 0,2 
 left Mean% 7,8 2,2 5,6 2,8 4,4 5,9 5,9 13,1 
  SE 0,2 0,3 0,2 0,1 0,1 0,1 0,2 0,2 
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5.1. Introduction 
Semantic two-digit number representation is conceptualized in very different ways by different 
cognitive models (Dehaene et al., 1990; McCloskey, 1992; Nuerk & Willmes, in press). Dehaene and 
colleagues have claimed that two-digit number comparison activates an overall distance 
representation which is better represented by the logarithm of the distance and is insensitive to the 
decimal structure of Arabic numbers. In contrast, the model of McCloskey postulated that two-digit 
number magnitude is represented in a base-10 structure (e.g. “57” = {5}*10EXP1 + {7}*10EXP0). 
In a new hybrid model, Nuerk and Willmes (in press, see Nuerk et al., 2001) have combined features 
from both models of Dehaene and coworkers (1990) and McCloskey (1992) into a single structure. 
Nuerk and Willmes propose that when comparing two-digit numbers, the overall and logarithmically 
compressed magnitude representation is activated together with the decomposed representations of 
units and decades (e.g. “57” = {57}, {5} and {7}). An important piece of evidence for decomposed 
representations of units and decades is the compatibility effect (Nuerk et al., 2001, 2002a, 2004a, in 
press a; Nuerk et al., submitted). The compatibility effect shows that the time for comparing number 
magnitude of two-digit numbers is slower when the smaller number contains the larger unit (e.g. 
81_26) than when the larger number contains the larger unit (e.g. 76_21). The compatibility effect 
cannot be accounted for by overall distance alone, but rather by the activation and comparison of 
decomposed unit and decade representations. 
The hybrid model postulates interactions between the overall and the decomposed representations of 
units and decades at the semantic level (cf. Nuerk & Willmes, in press, Figure 5.1). Furthermore, the 
hybrid model predicts that the overall and the decomposed representations of two-digit numbers are 
activated or inhibited in accord with task characteristics and demands. 
Here the occurrence of interactions between the overall and the decomposed magnitude 
representations was explored. The activation of the different representations was manipulated in two 
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SOA experiments, where unit and decade digits were shortly masked. While some digits are masked, 
the overall magnitude might not get activated, but the decomposed magnitudes may be activated. 
Figures 5.1A and 5.1B show how numbers were masked in both Experiments 1 and 2, respectively. 
In Experiment 1 unit and decade digit from different numbers were masked. According to the hybrid 
model, this manipulation would decrease the relevance of overall magnitude and increase the 
relevance of unit and decade magnitudes for performance. In Experiment 2, however, the impact of 
overall magnitude on performance might be larger than in Experiment 1, since overall magnitude of 
one number can always be activated from the beginning of each trial on. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1A and 5.1B Examples of trials from Experiment 1 (5.1A) and Experiment 2 (5.1B). In both 
experiments, a visual mask was presented for 100 ms and was followed by the stimuli, which were presented for a 
maximum of 1400 ms. Following each trial the screen was empty for 500 ms. 
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Another interesting consequence of digit masking concerns the moment when the comparison of 
units and decades starts. Although the hybrid model does not make direct predictions about the 
starting point of unit and decade comparison, two possible accounts may be derived: the first one 
follows the holistic model of Dehaene and colleagues (1990). The holistic model (Dehaene et al., 
1990, p. 635) predicts that “…the subjects will wait until the decade digit appears…” before activating the 
magnitude representations of two-digit numbers. If participants wait until the masked digits appear 
before activating and comparing overall and decomposed magnitudes, the compatibility effect should 
be comparable in both Experiments 1 and 2 and with that found in previous studies presenting all 
digits simultaneously. If both overall and decomposed magnitude representations of two-digit 
numbers are activated only after the whole numbers are presented, the effects of semantic number 
processing on performance may be largely comparable regardless of the SOA manipulation. 
Nevertheless, the comparisons between unit and decade start before all digits are presented. In this 
case, congruity between the magnitudes of digits being presented together may be a relevant 
predictor of performance in both Experiments 1 and 2. The early activation of decomposed 
representations in SOA experiments is compatible with the hybrid model, but not with the old 
holistic model of Dehaene and colleagues (1990). 
Before passing to the empirical investigation, a word on how congruity between units and decades 
would be estimated is required. When the result of a unit-decade digit comparison is compatible with 
the comparison of decades, the distance unit-decade distance is positive and otherwise negative. This 
logic follows the same principle as the normal compatibility effect. Let the digits 6 and 4 from two-
digit numbers 61_94 be masked: in this example, the distance of the digits 1 and 9 would be 
computed as + 8, because 9 is the larger decade digit and also larger than the unit digit 1, which is 
presented at the same SOA. In contrast, the distance between the digits 6 and 4 would be coded as – 
2, because the decade digit 6 is smaller than the other decade digit 9, but larger than the unit digit 4. 
In sum, the coding is identical to the coding of unit distance in previous studies, however, it is not 
134 
the distance between the two units, but the distance of the digits presented together that is 
computed. 
5.2. Experiment 1 
In Experiment 1 the activation of the overall representation of two-digit numbers was visually 
degraded in comparison to the activation of the decomposed representations of units and decades, 
because it can only be assessed after all four digits have been presented on the screen. The hybrid 
model predicts that in Experiment 1 the effect of overall distance on performance will be smaller 
than when all digits have been presented simultaneously. Furthermore, if the comparison of units 
and decades starts before whole numbers are presently, the congruities of the (masked and 
unmasked) digits being presented together may be significant predictors of performance. 
5.2.1. Participants 
Sixteen students from the Technical University Aachen, 8 female, between 19 and 28 years 
(mean=24 years) participated in Experiment 1. All of them were native speakers of German and 
have normal or corrected to normal vision.  
5.2.2. Stimuli, design and procedure 
In the magnitude comparison task, participants were asked to choose the larger of two two-digit 
numbers and press a response key. The same set of 240 stimulus pairs as in Nuerk and colleagues 
(2001) was used, which consist of pairs of two-digit numbers between 21 and 98. As shown in Figure 
5.1A, a unit and a decade digit from different numbers were masked visually for 100 ms. In a 2 x 2 x 
2 within-participant design decade-distance was varied (small: 1-3; large: 4-7), unit-distance (small: 1-
4; large: 5-8) and unit-decade compatibility (compatible vs. incompatible). There were two conditions 
of visual masking (decade above & unit below, DA-UB, vs. decade below & unit above, DB-UA). 
Both masking conditions were merged because of the lack of similar analyses in the literature with 
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which one could have compared these results. Overall distance, decade distance, unit distance and 
problem size were matched both absolutely and logarithmically between all stimulus categories. 
5.3. Results 
The main effect of decades was significant (F(1,15)=20.80; p<.001), but responding to larger decade-
distances was only 23 ms faster than to smaller ones. Numerically the decade distance effect was 
small when compared with previous studies (Nuerk et al., 2001, 2002, 2004a, in press). Figure 5.2 
shows RT for small and large decade distance, as well as for compatible and incompatible trials. The 
main-effect of compatibility was also significant (F(1,15)=6.51; p=.022), however, much smaller than 
in previous studies (Nuerk et al. 2001; Nuerk et al. 2004a, Ratinckx et al., in press, Nuerk et al., 
2004b). Responding was 5 ms faster in average in compatible trials than in incompatible ones. No 
interaction reached significance. 
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Figure 5.2 Compatibility effect for small- and large decade distances in Experiment 1.  
 
Both decade- and compatibility effect were numerically small in comparison with other published 
studies (Nuerk et al., 2001, 2002a, 2004a; Ratinckx et al., in press). 
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In order to investigate more closely the effect of congruity between numbers presented together, a 
multiple regression analysis over items was carried out (see the original article of Nuerk et al., 2001), 
and included the distances of masked and unmasked digits as predictors (see description of the 
computations in the introduction). The regression analyses started with the linear regression model 
being most successful for the original data of Nuerk et al. (2001) for the same stimuli. This 
regression model included logarithmic distance, (compatible or incompatible) unit distance, problem 
size, and absolute distance (see Table 5.1). The model performed badly. It explained less than 10% of 
the variance (as compared to an adjusted 71% in Nuerk et al., 2001). In the second step, the distance 
of masked digits (masked digit distance) and of unmasked digits (unmasked digit distance) were 
included to examine if this extended model would account better for the data. Multiple R2 was .235. 
Both variables added a significant amount of variance to the original model (masked digit distance 
t(479)=3.42, p<.001; unmasked digit distance (t(479)= -1.68; p<.05 one-sided) in the expected 
direction. Responses became faster when the decade digit comparison was compatible with the 
masked or unmasked digit distance. In the third and final step of this investigation, using a backward 
elimination approach, some of the 6 (4 original and 2 new) variables were necessary to explain as 
much variance as possible and some could be dismissed without significant loss of variance being 
accounted for. The final model only comprised the three variables unit distance, masked digit 
distance and unmasked digit distance with R2 = .232. The variables logarithmic distance, problem 
size and absolute unit distance were dropped without any loss of variance explained. Thus, the 
results of Experiment 1 could best be accounted for by digit distances. Overall, two-digit distance 
measures like logarithmic distance or problem size did not survive the backward elimination 
procedure in this diagonal masking experiment. 
 
   137 
Table 5.1 Overview about the regression models in Experiment 1 and 2 (see text for elaboration).  
 Experiment 1 Experiment 2 
R2= .092 R2= .416 Original model of 
Nuerk et al. (2001) 
with 4 predictors 
Standard 
Beta 
 t  
 
Raw  
corr 
Standard 
Beta 
 t  
 
Raw  
corr 
Logarithmic distance -.298 -6.79** -.297** -.630 -17.92** -.620** 
Problem size -.045 -1.03 -.031 -.155 -4.41** -.126** 
Unit distance -.041 -.95 -.048 .087 2.48* .073 
Absolute unit distance -.003 -.06 -.014 .009 .25 -.009 
R2= .235 R2= .426 Model of Nuerk et al. 
with unmasked and 
masked digit distance
Standard 
Beta 
 t  
 
Raw  
corr 
Standard 
Beta 
 t  
 
Raw 
corr 
Logarithmic distance .157 .16 -.297** -.205 1.30 -.620** 
Problem size -.039 -.04 -.031 -.149 -4.27** -.126** 
Unit distance .807 2.42 -.048 -.890 -2.51* .073 
Absolute unit distance -.012 -.28 -.014 .001 .02 .009 
Unmasked digit 
distance 
-.477 -1.68* .140** -.750 -2.84** -.257** 
Masked digit distance -.971 -3.42** -.398** -.706 -2.67** -.215** 
Standard beta: standardized regressor weight beta, t: t-value with df = 479; **: p < .01; * p <.05; raw corr: raw 
correlation when no effect of other predictor has been partialled out. Note that overall logarithmic distance is not a 
predictor anymore in both final models and that the variance is best explained by digit distance measures. 
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Table 5.1 (continuation) 
R2= .232 R2= .424 
Final reduced model Standard 
Beta 
 t  
 
Raw  
corr 
Standard 
Beta 
 t  
 
Raw  
corr 
Masked digit distance -.732 -10.73** .-.398** -1.041 -16.35** -.215** 
Unmasked digit 
stance 
-.238 -3.49** .140** -1.085 -17.05** -.257** 
Unit distance .527 6.25** -.048 -1.339 -15.77** .073 
Problem size --- ---- ---- -.146 -4.19** -.126** 
Standard beta: standardized regressor weight beta, t: t-value with df = 479; **: p < .01; * p <.05; raw corr: raw 
correlation when no effect of other predictor has been partialled out. Note that overall logarithmic distance is not a 
predictor anymore in both final models and that the variance is best explained by digit distance measures. 
 
5.4. Discussion 
The bad fit of overall distance predictors for the RT data in a multiple linear regression suggests that 
overall magnitude was less activated than in previous studies (e.g. Nuerk et al., 2001). This pattern of 
results corroborates the predictions of the hybrid model regarding less activation of overall 
magnitude and more activation of the decomposed representations when the units and decades are 
shortly masked. Furthermore, congruity between digits being presented together was a significant 
predictor of performance in the item analysis. In the final regression model only digit distance 
measures determined performance, but not overall two-digit number measures like logarithmic 
distance and problem size as in the original experiment of Nuerk and colleagues (2001). These results 
suggest that the comparison of units and decades starts before the complete two-digit numbers are 
shown in contrast to the predictions of the holistic model of Dehaene and colleagues (1999).  
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5.5. Experiment 2 
The smaller activation of overall magnitude and the effect of congruity between digits being 
presented together may be due to an unspecific effect of the duration of the visual mask and not to 
specifically masking unit and decade digits. In order to control for that aspect, unit and decade digit 
from the same number were presented together (see Figure 5.1B) in Experiment 2. If the effect of 
masking was unspecific, the disruption of performance should be similar to the one observed in 
Experiment 1 and measures of overall magnitude should not predict performance well. However, if 
the effect of masking was specific, the measures of overall magnitude should be significant predictors 
of performance (Nuerk et al., 2001).  
5.5.1. Participants 
Eight native German students from the Technical University Aachen, 5 female, between 21 and 28 
years old (mean=23 years) participated in Experiment 2. None of them took part in Experiment 1. 
5.5.2. Stimuli, design and procedure 
In Experiment 2 the same stimuli were presented as in Experiment 1. The only variation as 
compared to the setup of Experiment 1 was that instead of masking one decade digit and one unit 
digit from different numbers, decade and unit digits from one of the numbers were masked for 100 
ms while the other number was presented. 
5.6. Results 
Responding to larger decade-distances was 66 ms faster than to smaller ones. The compatibility 
effect for small and large units is shown in Figure 5.3 for large and small decade distances. No main-
effect of compatibility (F(1,7)=3.51; p=.103, two-sided) was observed. Surprisingly, the compatibility 
effect tended to be inverted, as RT was 9 ms faster in incompatible trials than in compatible ones. 
The interaction decade-distance by compatibility was significant (F(1,7)=7.57; p=.028). There was an 
18 ms inversion of the compatibility effect for small decade distance, and no RT difference for large 
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decade distances. The three-way interaction decade-distance by unit-distance by compatibility 
(F(1,7)=12.52; p=.009) was also significant. The inversion of compatibility was 31 ms for the small-
decade, small-unit-condition whereas it was only 3 ms for other conditions. 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Compatibility effect for small and large decade and unit distances in Experiment 2. The compatibility 
effect was large when decade and unit distances were both small. In all other conditions it was very small or negligible. 
 
To further explore this digit congruity, the same multiple regression analyses were used as in 
Experiment 1 (see Table 5.1). The original model of Nuerk and coworkers (2001) explained the data 
much better than in Experiment 1. The model explained 41.6% of the variance. However, there was 
one important difference as compared to the original model. Responses became slower rather than 
faster with positive (compatible) unit distance. 
As before, in the second step of the analysis the masked digit distance and the unmasked digit 
distance were included to examine if this extended model could account for the data in a better way. 
This was not the case. The multiple R2 just rose to 42.6%. None of the variables added additional 
variance explained to the original model. However, when all variables were included the beta weights 
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changed considerably (see Table 5.1). As in Experiment 1, the backward elimination approach was 
used to find out which of these 6 (4 original and 2 new) variables was necessary and which variable 
could be dismissed. The final model had only four variables: Unit distance, masked digit distance, 
unmasked digit distance and problem size. All digit distance measures had negative beta weights, 
indicating that the higher (and more congruent or compatible) the digit distances were, the faster was 
performance. The variables logarithmic distance and absolute unit distance were dropped without 
any loss in the proportion of variance explained (R2= 42.4%). Therefore, the RT data of Experiment 
2 may be explained by digit distances and an overall problem size measure. 
So, one is left with two possible models explaining very similar amounts of variance: (i) the original 
model including two-digit overall logarithmic distance and unit distance with an inverted beta weight 
and (ii) the model without overall logarithmic distance including three digit distance measures and 
problem size. 
Since the compatibility effect was numerically inverted in Experiment 2, an ANCOVA over items 
was calculated including decade-distance, unit-distance and unit-decade compatibility as experimental 
factors and masked and unmasked digit distances as two covariates. Both covariates had a significant 
contribution to RT variability (unmasked: F(1, 470)=13.84, p<.001; masked: F(1, 470) = 10.72, 
p=.001). Furthermore, the main effect of decades was significant (F(1,470)=31.11; p<.001) because 
large decade distances were responded to 44 ms faster than small ones. The main-effect of 
compatibility was also significant (F(1,470)=7.31; p<.01). Interestingly, the compatibility effect was 
not inverted anymore. Compatible trials were responded to 37 ms faster than incompatible ones; i.e. 
the usual compatibility effect was observed. Furthermore, the interactions decade-distance by 
compatibility and unit-distance by compatibility were significant (F(1,470)=5.84; p<.05 and 
F(1,470)=13.14; p<.0001). The compatibility effect was larger for small decade-distance (47 ms vs. 
27 ms) and for large unit-distances (63 ms vs. 11 ms), which agrees nicely with the previous literature 
(Nuerk et al., 2001, 2002a, 2004a, Ratinckx et al., in press). 
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5.7. Discussion 
The results of Experiment 2 suggest that the disruption of overall magnitude in Experiment 1 was 
not due to the duration of masking, but due to its visual pattern. In Experiment 2 visual masking was 
not detrimental to the encoding of the overall magnitude representation, given that measures of 
overall distance were significant predictors of performance. These findings confirm the predictions 
of the hybrid model regarding the interaction between overall and decomposed magnitude 
representations. Furthermore, in Experiment 2 the evidence from Experiment 1 was replicated in 
that digit comparison may start before both two-digit numbers are presented on the screen. 
Nevertheless, the regression analyses have shown that the congruity between masked and unmasked 
digits was also a significant predictor of performance. The regression models including overall 
distance fitted the data as well as the regression model including only measures of digit congruity. 
Furthermore, the compatibility effect was inverted, mainly when decade and unit distance were small 
(-31 ms). These results may be explained by the computation of the digit congruity between unit and 
decade digit. When both decade and unit distance are small, the relation of both decade digits with 
the units tend to be the same. This may have increased the time to decide which decade digit was the 
larger. Interestingly, the ANCOVA analysis revealed a regular compatibility effect after partialling out 
digit (in)congruity. Furthermore, the regular interactions of compatibility with unit distance and 
decade were also found (Nuerk et al., 2001). More consequences of these findings for the hybrid 
model and the compatibility effect will be dealt with in the General Discussion. 
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5.8. General Discussion and Conclusions 
The hybrid model of Nuerk and Willmes proposes that both overall and decomposed 
representations of magnitude may be activated in two-digit number comparison tasks. Depending on 
task requirements, overall or decomposed magnitude representations may be more or less activated. 
When comparing two-digit Arabic numbers presented simultaneously on the screen, both overall and 
decomposed representations seem to be activated. Several studies by Nuerk and colleagues (2001, 
2002a, 2004a, 2004b, in press a; Ratinckx et al., in press) have shown that both measures of overall 
magnitude (logarithmic overall distance) and decomposed unit and decade representations (unit 
distance, unit decade compatibility) are significant predictors of performance. 
In Experiment 1, the activation of overall magnitude seems to be modulated by masking some digits 
for a short time. The effect of this manipulation on performance was very clear. Measures of overall 
magnitude did not fit the RT data well (see Table 5.1). In contrast, the two measures of digit 
congruity were significant predictors of performance. These results show that the decomposed 
representations of units and decades may be activated more strongly when the activation of overall 
magnitude is impaired for a short interval by visual masking. This is in line with the predictions of 
the hybrid model, but not with the holistic model of Dehaene and colleagues. According to the 
holistic model, the activation of number magnitude should be independent of masking digits of two-
digit numbers. The results of Experiment 2 complement those of Experiment 1. When decade and 
unit digits of one number were presented together, the overall magnitude representation of one two-
digit number may be activated at the beginning of each trial. Consequently, in Experiment 2 
measures of overall magnitude became better predictors of performance than in Experiment 1. 
These results are in line with the hybrid model, which predicts the activation of both overall and 
decomposed magnitude representations, when no temporal advantage for the decomposed 
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representations is given. Furthermore, the results show that the spatial structure and not the duration 
of the spatial mask may have determined the effect of digit congruity on performance. 
The second empirical question of the present study was the timing of the number comparison 
process. The hybrid model does not make direct predictions about the time of magnitude 
comparison, namely, whether magnitude comparison may start before whole numbers are presented 
on the screen or not. The hybrid model could accommodate both (i) an early comparison of 
decomposed unit and decade magnitudes, which may start before the whole numbers are presented 
on the screen, and (ii) a late comparison of both overall and decomposed magnitude representations, 
which starts only after whole numbers have been presented. The results of Experiments 1 and 2 
suggest that the comparison of magnitudes may start before the whole numbers are presented, since 
measures of digit congruity were the most significant predictors of performance in both experiments. 
Interestingly, the consequences of computing digit congruity were very different in Experiments 1 
and 2. In Experiment 1, the activation of overall magnitude representation was impaired, while 
measures of digit congruity were decisive as predictors of RT. However, in Experiment 1 the 
compatibility effect remained significant. In contrast, in Experiment 2 digit congruity may have 
masked the compatibility effect. Interestingly, after partialling out the effect of digit congruity the 
normal compatibility effect as well as the common interactions with unit and decade distances (eg. 
Nuerk et al., 2001) could be found. Therefore, the results of Experiment 2 suggest that magnitude 
comparison was not limited to digit congruity but extended to the comparison of units and decades 
after the whole numbers were presented on the screen. For this reason one may conclude that the 
overall and decomposed magnitude representations may both influence RT, but the magnitude and 
direction of this influence may depend on the timing of activation of the different magnitude 
representations. 
Finally, the present study offers another possible account for the failure to find unit-based 
(compatibility) effects in two-digit number comparisons with fixed standards (see Dehaene et al., 
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1990 and Nuerk & Willmes, in press). If the distance between the two digits of a two-digit number 
were computed automatically, it would interfere with the compatibility effect in the same way as in 
Experiment 2. In compatibility studies without fixed standard, 4 digits are presented simultaneously. 
The relevant comparison is that of the decade digits. It seems that one is not able to compute a larger 
number of irrelevant comparisons in such a setting, but only the irrelevant (compatible or 
incompatible) distance of the two units of the two two-digit numbers. This unit distance produces 
the strongest interference which is captured in the compatibility effect. 
To summarize, the reason why there are no unit-based effects in number comparison tested with a 
fixed standard may not be due to a non-existing activation of unit magnitude. Rather, the reason may 
be too much activation. Not only the relation of the unit magnitudes of standard number and target 
gets activated but also the irrelevant comparison between target unit and target decade digit seems to 
be computed. These two computations have opposite effects and consequently, the unit effect may 
be cancelled out, resulting in the null effect typically observed in magnitude comparison experiments 
with a fixed standard (see Nuerk et al., in press b). 
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 6.1. Introduction 
Semi-illiterates are individuals who, due to socio-economical reasons, either have abandoned school 
before finishing the fundamental courses or have only started their academic formation during 
adulthood. Despite the lack of consistent academic training, semi-illiterates and even complete 
illiterates can handle a large scope of calculation and number processing tasks in daily living 
(Deloche, Souza, Willadino-Braga & Dellatolas, 1999; Castro-Caldas, Reis & Guerreiro, 1997; 
Rosseli, Ardilla & Rosas, 1990). Nunes, Schliemann and Carraher (1993) and Carraher Schliemann 
and Carraher (1988) have shown that in Brazil largely unschooled children who sell goods in the 
street develop sophisticated and effective strategies for mental calculation. 
In the present study the ability of adult semi-illiterates with 1 to 4 years of formal schooling to 
compare two-digit Arabic numbers will be examined. In order to understand how semi-illiterates 
process Arabic numbers one needs to take into account (a) what the behaviour of normal adult 
readers tells about the cognitive structures dedicated to number comparison and (b) how the 
Portuguese oral/verbal number system does influence Arabic number comparison. In the next 
sections two-digit number comparison and how it is modulated by different verbal number systems 
like English or German will be reviewed. 
6.1.1. The unit-decade compatibility effect 
Some models of number processing postulate that in an Arabic number comparison subjects encode 
the abstract magnitudes, compare them and choose the larger/smaller number (Dehaene, 1992; 
Dehaene and Cohen, 1995). However, the nature of this abstract number magnitude representation 
has remained controversial (see McCloskey, 1992). Dehaene and colleagues (1990) argue (1) that 
semantic number representation is analog because the units are significant predictors of RT even 
when they are irrelevant for number comparison (e.g. deciding that 48 is smaller that 65 takes longer 
than deciding that 41 is smaller than 65, although both 48 and 41 have the same decade digit). In this 
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case the overall distance between numbers is encoded and not only the decade distance (see also 
Hinrichs et al., 1981). Furthermore, Dehaene and colleagues (1990) claim that (2) semantic number 
magnitude representation is logarithmically compressed and can be conceptualized as a mental 
number line (Dehaene et al., 1993). Dehaene et al. (1990) have found that the logarithm of the 
distance between numbers provides a better fit to RT than the absolute numerical distance (see also 
Brysbaert, 1995). 
Nevertheless, the assumption that abstract number representation is analog has received some 
criticism recently. Nuerk and colleagues (2001, 2002a, 2004a) reported data that are incompatible 
with a purely analogic semantic number representation: They show that RT and error rates in a 
magnitude comparison task do not only depend on the overall distance between two-digit numbers. 
The unit-decade compatibility effect – also referred to as compatibility effect - entails shorter RTs produced by 
the congruence between units and decades of the larger and the smaller number. When the larger 
number contains the larger unit (e.g., 76_21), response is faster and more accurate than when the 
smaller number contains the larger unit (81_26), although in both cases overall distance between the 
two numbers is identical (i.e. =55). If decades and units were integrated into an analog number 
magnitude representation as claimed by Dehaene and colleagues, there could be no compatibility 
effect. Apparently the compatibility effect stems from the automatic comparison of unit-digits 
besides the comparison of decade-digits (Nuerk et al., 2002a). The compatibility effect is particularly 
large when the distance between decade-digits is small and the distance between units is large, 
because in such a condition units can be compared quickly and they interfere with the more slowly 
compared decades. On the other hand, when the unit-distance is small and decade-distance is large 
the compatibility effect is smaller for Arabic numbers (Nuerk et al., 2001) and tends to be inverted 
for German number words (Nuerk et al., 2002a). This inversion of the compatibility effect is due 
possibly to balancing overall distance between compatible and incompatible trials: When the overall 
distance between two two-digit numbers is kept constant, incompatible trials must have larger 
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decade-distances than compatible trials (see the mathematical demonstration in Nuerk, et al., 2002a). 
Under that condition decades can be compared faster and more accurately than units and are more 
resistent against interference. Another reason for the inversion of the compatibility effect is the 
ability to select decade digits for further processing. Nuerk et al. masked the decade- and unit-digit of 
Arabic numbers for different SOAs (Knops et al., 2003; Nuerk et al., submitted). The authors have 
found that masking either decades or units reduces the compatibility effect because visual masking 
creates a frame which makes the position of decades and units more discriminable and facilitates the 
selection of the decades. In a control experiment the authors used a visual mask which was not 
discriminative with respect to the position of decades or units and the compatibility effect became 
larger. Nevertheless, in both experiments the compatibility effect was somewhat inverted when the 
decades are presented first, because the decade-distance can be computed with no interference of 
unit-distance. 
6.1.2. The role of the verbal number system 
The compatibility effect was primarily found for German-speaking participants comparing two-digit 
Arabic numbers (Nuerk et al., 2001; 2004a) and German number words (Nuerk et al., 2002a). In the 
German verbal number system the position of units and decades is inverted (e.g. “41” is read 
“einundvierzig”, <one-and-forty>). The compatibility effect could be merely an effect of the 
inversion in the German verbal number system and therefore be specific for languages with the 
inversion property. However, Nuerk and colleagues have shown that this is not the case. In their 
study (Nuerk et al., in press a), they investigated the compatibility effect in English speakers in 
Arabic- and in (English) verbal format and compared it to the data previously obtained for native 
speakers of German (Nuerk et al., 2001, 2002a). In Arabic format the compatibility effect is 
significantly larger for speakers of German (31 msec), but still significant for speakers of English (18 
msec). Speakers of English responded significantly faster than speakers of German. In German 
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verbal number format there is a significant compatibility effect whereas in English verbal number 
format there is a trend for an inverted compatibility effect. In summary, the compatibility effect is 
strenghtened by the inversion properties of the German language, but it also exists in English. In 
German the overall distance is the most important predictor of response speed and accuracy in both 
Arabic and verbal formats. In English decade distance is the most important predictor. Therefore, 
the structure of German verbal numbers facilitates the semantic intrusion of units in both Arabic and 
verbal formats. Moreover, although English-speakers can better select the semantic comparison of 
decades, they cannot avoid the segmentation of two-digit numbers into decades and units (decade 
distance was the best predictor of RT). The results of Nuerk and colleagues point to three relevant 
aspects, namely, that (1) the compatibility effect cannot be explained by the inversion property of the 
German verbal number system, although (2) the structure of the German verbal number system 
facilitates the compatibility effect even in Arabic format; and finally, (3) the compatibility effect is 
associated with the segmentation of magnitude into decades and units as well as with the comparison 
of decade- and unit abstract magnitudes (Nuerk & Willmes, in press). 
6.1.3. The Portuguese verbal number system 
As reviewed above, the verbal structure of numbers is an important determinant of number 
segmentation and number comparison. In the Portuguese number word system decades come first 
and units are preceeded by the function word “and” (e.g. “41” is read “quarenta e um”, literally 
“forty and one”). Portuguese two-digit numbers can be produced by combining a decade number 
(vinte, trinta, quarenta, cinqüenta, sessenta, setenta, oitenta or noventa) with the connective “e” and 
the unit number (um, dois, três, quatro, cinco, seis, sete, oito or nove). Three-digit numbers are 
produced by writing the hundreds (cento, duzentos, trezentos, quatrocentos, quinhentos, seiscentos, 
setecentos, oitocentos or novecentos) and the connective “e” preceeding decades. Decades and units 
are read like in two-digit numbers (“141” is read “cento e quarenta e um”, literally “hundred and forty 
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and one”). Four digit numbers are produced by aggregating the word “mil” (thousand) after the 
multiplicator, which is written like the unit numbers (“2000” is read “dois mil”, literally “two-
thousand”). The thousands are not followed by a connective “e” before the hundreds (“2141” is read 
“dois mil cento e quarenta e um”, literally “two thousand hundred and forty and one”). Therefore, one 
can consider the structure of the Portuguese verbal number system to be relatively transparent. It is 
more similar to the English verbal number system than to the German one because there is no 
inversion. 
6.1.4. How do Brazilian semi-illiterates compare two-digit Arabic numbers? 
Given the stability of the compatibility effect across two different languages, one can expect that 
Brazilian competent readers are sensitive to unit-decade compatibility. Since the Portuguese verbal 
number system does not have inverted units and decades, the compatibility effect should be smaller 
than in German but similar to English. 
What can be expected from the performance of adults who are still acquiring reading abilities? To 
some extent semi-illiterates may transfer numerical knowledge from informal sources to the domain 
of Arabic numbers. Many properties of the verbal number system like number segmenting and 
comparing can be learned outside of school, mainly when handling money. Before going shopping 
people must realize how much money they have and how much of that they are going to spend. To 
do so they must know the values of the banknotes. In the same way, people must be able to verify if 
their payment is correct or not. Therefore many of the cognitive operations relevant for unit-decade 
compatibility (number segmentation and number comparison) can be trained informally and 
eventually transferred to the domain of abstract symbols. Moreover, number segmentation and 
number comparison are relatively independent of each other in tasks of daily living. Whereas number 
comparison is directly related to semantic magnitude activation (e.g. 1kg of fish costs $3.25 whereas 
0.5kg of chicken costs $1.90; which one is more expensive?), number segmentation is usually not 
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directly related to semantic magnitude activation (e.g. if my salary is $258, I must receive 2 notes of 
$100 plus one of $50, one of $5 and three coins of $1; did I receive exactly that?). 
Since both number segmentation and number comparison are trained extensively in tasks of daily 
living and in school, one can expect that semi-illiterates will nevertheless produce the compatibility 
effect when they compare Arabic numbers. In children the compatibility effect becomes more 
pronounced with increasing age and academic training (Nuerk et al., 2004b). Therefore, whether and 
how the efficiency of segmenting and of comparing two-digit numerals improves with academic 
training should be investigated additionally. As number segmentation is not essential for magnitude 
comparison, it needs not to be applied in tasks of Arabic number comparison. Therefore, on the one 
hand, one could expect that when comparing number magnitudes semi-illiterates with less academic 
training segment Arabic numbers to a lesser extent than semi-illiterates with more academic training. 
Consequently, the compatibility effect should be smaller or non-existent for less schooled semi-
illiterates but larger for more schooled semi-illiterates. 
On the other hand, if semi-illiterates are able to segment numbers and compare magnitudes even 
before entering school, number segmentation should be easily transferred from the verbal number 
system which semi-illiterates already know compared to the more abstract domain of Arabic 
numbers. Therefore the compatibility effect should be present in more- and in less schooled semi-
illiterates. 
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6.2. Methods 
Nineteen adults (12 women; mean age 33 years, range 16-52 years) with a very low level of schooling 
were examined, as shown in Table 6.1. All of them are functional socially (they work or have worked 
in the past and have reported that they can handle money confidently). All of them have been 
recruited in alphabetization courses for adults in the city of Belo Horizonte, Brazil, which are 
coordinated by the city administration. As shown in Table 6.1, most participants received part of 
their formal education in childhood but interrupted their formal education for social or economical 
reasons. The participants were tested individually in one session of approximately 40 minutes. They 
performed a reading task and a magnitude comparison task with Arabic numbers. The experimental 
tasks and experimental results are described below. 
6.2.1. Reading task  
Participants had to read 80 words and pseudowords. Only items read correctly were considered for 
further analysis. There were six item categories, comprising different levels of word frequency 
(higher frequency, lower frequency and pseudowords) and of phonotactic regularity (regular- and 
irregular items). Forty items were pseudowords (20 regular, 20 irregular) and the other 40 items were 
either regular- (10 higher frequent and 10 lower frequent) or irregular words (10 higher frequent and 
10 lower frequent). These stimuli were selected from a large corpus of written words in Brazilian 
Portuguese (Pinheiro, 1994). Higher frequent words occured at least 6/1,000,000 and lower frequent 
items less than that. 
6.2.2. Magnitude comparison task  
In the magnitude comparison task participants have to choose the larger of two two-digit numbers 
by pressing a response key. The same set of 240 stimuli as Nuerk et al. (2001) was used, which 
consists of pairs of two-digit numbers between 21 and 98. In a 2 x 2 x 2 within-participant design 
decade-distance (small: 1-3; large: 4-8), unit-distance (small: 1-3; large: 4-8) and unit-decade 
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compatibility (compatible x incompatible) were varied. In unit-decade compatible conditions the 
comparison of decades and units leads to the same decision (78_23) whereas in incompatible ones, 
the comparison of decades and units leads to opposite responses (84_29). In this set of stimuli, 
overall distance, decade distance, unit distance and problem size were matched both absolutely and 
logarithmically between all eight stimulus categories. 
Table 6.1 Socio-demographic characteristics of the semi-illiterate participants 
Participant Age(years) Sex Life-long 
education§  
Education:  
age 6-15 years§
Actual Occupational Status 
A.J. 34 male 1 1 Construction worker 
A.R.S.  41 female 1 0 Construction worker 
E.G.G.  44 female 1 1 House-made 
M.A.F. 42 female 1 0 Beautician 
O.P. 52 male 1 1 Construction worker 
A.G.O. 41 female 2 0 Cleaner 
A.G.M.  40 female 2 2 Garbage collector 
G.G.M. 44 male 2 2 Construction worker 
L.R.C. 25 female 2 1 House-made 
N.G.M. 41 female 2 1 Garbage collector 
W.S.S. 16 male 2 1 Truck driver 
L.G.S.  32 male 3 2 Joiner 
N.M.P.  45 female 3 3 Garbage collector 
W.C.O.  23 male 3 3 Construction worker 
A.F.R. 19 female 4 4 Baby-sitter 
F.E.R.  22 female 4 4 Hairdresser 
J.D.S. 32 male 4 4 Farmer and later Door-keeper 
M.C.V.D. 47 female 4 2 House-made 
M.R.Q. 40 female 4 4 Garbage collector 
§ expressed in years 
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6.3. Results 
6.3.1. Reading task  
In a 2 x 3 ANOVA design the effects of regularity (regular vs. irregular items) and of word frequency 
(higher frequent, lower frequent, pseudowords) on performance were tested. Table 6.2 shows the 
percentage of items responded to correctly in each of these six (pseudo)word categories. The main-
effect of regularity was highly significant (F(1,18)=12.2; p=.003): participants could read regular 
items (71% correct) better than irregular ones (60% correct). The effect of frequency led to even 
more pronounced differences in performance (F(2,36)=30.6; p<.001): reading higher frequency 
words (78% correct) was significantly more effective than reading lower frequency words (67% 
correct, t(18)=3.63; p=.002, two-sided) or reading pseudowords (51% correct, t(18)=7.00; p<.001, 
two-sided). Reading lower frequency words was also easier than reading pseudowords (t(18)=4.62; 
p<.001, two-sided). The interaction between frequency and regularity was also significant 
(F(2,36)=6.87; p=.003). There was no effect of regularity for higher frequency words (t(18)=.65, 
n.s.), but for lower frequency words (t(18)=3.9, p=.001) and pseudowords (t(18)=2.8, p=.01). 
Moreover, multiple comparisons (all of them tested two-sided) show that reading higher frequent 
items was easier only for irregular words (t(18)=4.6, p<.001, two-sided) but not for regular ones 
(t(18)=.89, p=.384). Probably regular items can be read efficiently through the phonological route 
whereas speed of access to irregular items is dependent upon the visual input lexicon. Furthermore, 
reading regular higher- and lower frequency words was easier than reading regular pseudowords 
(t(18)=6.3, p<.001 and t(18)=5.4, p<.001). The same pattern was present for comparisons between 
irregular items (t(18)=5.9, p<.001 and t(18)=2.6, p=.019). These results show that even after up to 4 
years of formal schooling semi-illiterates are no perfect readers. Three participants with only one year 
of formal education were not able to read pseudowords at all. Performance of these participants was 
in general very poor so that one cannot exclude the use of logographic reading strategies when 
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reading words. In contrast, all other participants were able to read pseudowords indicating that they 
can use conversion rules from orthographic input into phonological output. Furthermore, semi-
illiterates could read 45% of irregular pseudowords correctly, revealing the capacity to read unknown 
items by analogy with items in the visual input lexicon. The marked effect of frequency when reading 
irregular words points to the access to a visual input lexicon and suggests that semi-illiterates are still 
developing lexical routes of reading. 
Table 6.2 Performance in the reading/lexical decision task 
  Regular words Irregular words 
 High 
frequent 
Low 
frequent 
Pseudo-
word 
High 
frequent 
Low 
frequent 
Pseudo-
word 
Correct % 
(SD) 
80 
(25.9) 
77 
(26.7) 
57 
(32.2) 
77 
(26.2) 
58 
(29.1) 
45 
(30.7) 
 
In order to derive one single index of reading ability for predicting participants’ performance in the 
task of number comparison, a principal component analysis (PCA) was carried out on the number of 
correct responses for each of the six subgroups of items employed in the ANOVA design above6. All 
six total scores were highly correlated (range .672 to .889). The PCA yielded a unique component 
                                                 
6 With the PCA analysis we aimed exclusively at the estimation of a single value with which we could 
correlate performance in the other experimental tasks. The PCA isolates the common variance in 
each of the 6 subgroups of trials and weights each variable accordingly with its amount of common 
variance. The individual score we have obtained for each participant is simply the average across the 
6 categories of (pseudo)words weighted by their common variance. PCA provides a better single score 
of reading abilities than the arithmetical mean of the 6 scores because it gives more weight to the 
variables which share a larger amount of their variance and are therefore more general. The high 
correlations (range .672 to .889) are due to the inter-individual differences in performance, which 
must be large since we tested participants with 1 to 4 years of training in reading abilities. These 
inter-individual differences must be much larger than intra-individual differences. In short, PCA 
scores represent the improvement of reading abilities given the amount of academic training. 
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accounting for 81.5% of the variance of reading ability also correlating significantly with age (r=-
.532, p=.019, two-sided) and with years of schooling (r=.829, p<.001, two-sided). 
6.3.2. Magnitude comparison task 
Reaction times (mean=1329 msec; SD=333 msec) were slow and error rates (mean=8.8%; 
SD=7.6%) high, probably due to the lack of experience of the participants with structured and timed 
cognitive tasks. Only correct responses from 200 – 3000 msec with an RT within +/-3 standard 
deviations from the individual mean were included in the analyses. According to these criteria, a 
maximum of 11% of responses had to be excluded. 
 
Table 6.3 Reaction times and error rates in the magnitude comparison task 
  Large decades Small decades 
  Large units Small units Large units Small units 
Compatible 
 
1212 
(309) 
1233 
(315) 
1387 
(297) 
1402 
(323) 
 
RT msec 
(SD) Incompatible 1295 
(391) 
1221 
(297) 
1453 
(371) 
1425 
(359) 
Compatible 
 
3 
(3.8) 
5 
(7.2) 
10 
(5.7) 
9 
(6.1) 
 
Errors % 
(SD) 
 
Incompatible 9 
(11.7) 
7 
(9.3) 
12 
(9.0) 
13 
(7.9) 
 
RT and error rates for each experimental condition are shown in Table 6.3. For large decade 
distances RT was 177 msec faster than for small decade distances leading to a decade-distance main 
effect (F(1,18)=139.6, p<.001). The decade-distance effect reflects activation of an internal 
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magnitude representation when comparing number magnitude (Dehaene, 1992; Brysbaert, 1995). 
The main effect of unit-distance was not significant (F(1,18)=1.46, p=.242); RT for large unit 
distances was only 17 msec slower than for small unit distances. In contrast, there was a significant 
main effect of compatibility (F(1,18)=4.98, p<.05). Responses in compatible trials were 41 msec 
faster than in incompatible ones. Presence of the compatibility effect shows that semi-illiterates are 
comparing units and decades separately; to do so they obviously make use of number segmentation 
abilities. Complementarily, a significant interaction between compatibility and unit distance 
(F(1,18)=6.59, p<.05) was found. Whereas the main effect of compatibility in RT was evident for 
large unit distances (75 msec, t(18)=2.54, p<.05, two-sided), it was negligible for small unit distances 
(5 msec, t(18)=.47, n.s.). This interaction could also be observed in previous studies (Nuerk et al., 
2001, 2002a). The compatibility effect was inverted when decade-distances were large and unit-
distances were small (-12 msec; see Table 6.3), because in this condition comparing decades takes 
much less time than comparing units. In all other conditions the comparison of decades takes longer 
making the compatibility effect positive. No further interaction did reach significance. 
Table 6.4 Intercorrelation array for years of schooling, reading abilities and magnitude comparison 
 Academic 
training 
(years) 
Reading§ mean RT 
magnitude 
comparison 
decade distance
Reading       0.829***    
mean RT     -0.645**     -0.670**   
Decade-distance -0.234 -0.210 0.219  
Compatibility effect -0.175 -0.191   0.538* 0.188 
§ The score in the reading task was obtained through a principal component analysis of the six scores from the original 
task. *- p<.05; **- p<.01; ***- p<.001, all tested two-sided. 
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The analysis of error rates yielded results very similar to those of RT. Participants made significantly 
more errors (F(1,18)=24.3, p<.001) when comparing small decade distances (11%) than when 
comparing large decade distances (6%). There was again no main effect of unit distance (F(1,18)=.04, 
n.s.), but participants made significantly more errors (F(1,18)=5.27, p=.034) in the incompatible 
condition (10%) than in the compatible one (7.1%). No interaction did reach significance. 
Furthermore, correlations between the compatibility effect measure, the decade-effect measure, 
academic training, reading ability and processing speed were investigated. As an index of processing 
speed the mean RT from the magnitude comparison task was chosen. An inspection of Table 6.4 
reveals that processing speed correlates moderately to highly with reading abilities (r=-.670) and with 
academic training (r=-.645). Reading abilities and academic training were of course also strongly 
correlated (r=.829), the longer academic training the better reading abilities and the faster was RT 
whereas participants with shorter academic training were slower in the RT task and had poorer 
reading abilities. The correlation between processing speed and reading abilities may reflect the 
unspecific effect of practicing well-structured and timed cognitive tasks. On the other side, academic 
training and reading abilities were neither correlated with the compatibility effect nor with the decade 
distance effect. The decade-effect did not correlate with any variable in the experimental design. In 
contrast, processing speed was positively correlated with the compatibility effect (r=.538). As can be 
seen in Figure 6.1, processing speed predicts almost 30% of the variance in the compatibility effect 
across participants (b=.131; R²=.290; F(1,17)=6.94; p=.017). Slower participants showed a larger 
compatibility effect whereas faster participants had a smaller or even slightly inverted compatibility 
effect. 
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Figure 6.1 Regression slope of the compatibility effect on mean RT. The slower the RT the larger the compatibility 
effect was, although faster participants showed a slightly inverted compatibility effect. 
 
Presence of the compatibility effect shows that two-digit number comparison operates in a 
decomposed manner (cf. Nuerk et al., 2001). This implies that participants have to select the correct 
two (decade) digits to solve the task successfully. If the selection process is not efficient participants 
may also process the irrelevant unit digits to a greater extent. If the inversion of the compatibility 
effect is related to the efficiency in selecting the relevant decade digits, correlation of compatibility 
effect and processing speed would increase when the interference of units is higher (i.e. large unit-
distance). In Figures 6.2A to 6.2D the regression slopes of the compatibility effect for large/small 
decade- and large/small unit distances on mean RT are shown. Mean RT is the strongest predictor of 
the compatibility effect when decade distance is small and unit digit is large (Figure 6.2B), in this 
condition the interference of units is maximal. In the small decade/small unit condition the slope is 
slightly negative (Figure 6.2C) while in all other three conditions it is significantly positive. When the 
slopes for large and small unit distances were tested separately (collapsed over the decade distance 
b=.131 R²=.29 
F(1,17)=6.94; p=.017 
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conditions) a significant correlation for large unit distances (b=.224; R²=.322; t(17)=2.84 p=.011) 
was obtained but not for small unit-distances (b=.037; R²=.051; t(17)= .95 p=.350). Thus increasing 
interference with increasing mean RT could only be demonstrated for large unit digits. 
6.4. Discussion 
Presence of the compatibility- and decade-distance effects shows that semi-illiterates are able (1) to 
activate the lexical nodes of units and decades (number segmentation) and (2) to access the semantic 
representation of unit- and decade numbers (magnitude comparison). Neither decade- nor 
compatibility effect correlated with academic training (see Table 6.4). Hence, the abilities of number 
segmentation and magnitude comparison, which underlie the compatibility- and the decade-effect, 
seem to be well mastered by semi-illiterates before starting formal academic training. All participants 
have shown a large decade-effect, which reflects the activation of the semantic number 
representation. Furthermore, even semi-illiterates with very short academic training showed the 
compatibility effect. Thus semi-illiterates did not process two-digit Arabic numbers purely 
holistically. Additionally, the compatibility effect depended on unit-distance. When unit-distance was 
large the compatibility effect was also larger. In contrast, when unit-distance was small the 
compatibility effect was even inverted slightly (see Table 6.3).  
Nevertheless, the compatibility effect was not uniform across participants rather it was correlated 
with individual processing speed (see Table 6.3). Slower participants showed a larger compatibility 
effect when unit-distance was large. However, the difference between slower and faster participants 
disappeared when unit-distance was small. In contrast to the slower participants, faster participants 
always showed a small or even slightly inverted compatibility effect independent of the unit-distance. 
As mentioned in the introduction, an inversion of the compatibility effect can result from ignoring 
unit digits (Nuerk et al., 2002a). Therefore, processing speed could be related to the ability to ignore 
units and select decades for comparison. Faster participants may segment decade and unit digits 
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more efficiently and compare the decade digits without interference of units. However, the effect of 
processing speed seems to be specific for the segmentation process. The decade-effect was not 
correlated with processing speed, rather it remained constant across the range of RT (min.=793 
msec; max.=1873 msec). When number segmentation is efficient the relevant decade digits may be 
selected faster and the magnitude comparison may be less influenced by the interfering units. These 
findings are not surprising if one considers that semi-illiterates can develop sophisticated arithmetic 
knowledge (Nunes et al., 1993) when it is relevant in the cultural environment (Ginsburg, Choi, 
Lopez; Netley & Chao-Yuan, 1997). However, the increase in segmentation efficiency observed in 
the performance of semi-illiterates cannot be interpreted as a direct approximation of the 
performance of adult competent readers. Adult competent readers respond even faster than semi-
illiterates but nevertheless show a compatibility effect. One possible account is that some semi-
illiterates can solve cognitive tasks using unusual strategies. For instance, if the fast semi-illiterates 
managed to focus their attention mainly on the relevant decade digit, the compatibility effect would 
disappear or even become inverted (cf. Nuerk et al., 2002a). On the other side, it is possible that with 
more extensive practice with timed tasks unit and decade digits might be processed fast and 
automatically in a parallel mode which might then lead to a standard compatibility effect as in normal 
adults. 
A last word is needed about the association between academic training, processing speed and the 
compatibility effect. There is no direct effect of academic training on the compatibility effect. 
Although academic training and processing speed were correlated, the causal relation between these 
variables may be reciprocal. It is possible that processing speed works like a bottleneck for academic 
training. The faster semi-illiterates may learn faster than slower semi-illiterates. Consequently they 
might reach higher academic training more easily. On the other hand, academic training can improve 
the performance in structured and timed cognitive tasks and can have a positive impact on speeded 
tasks. 
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Figure 6.2 Regression lines of the compatibility effect on mean RT for small decade-distances (Figures 6.2A and 
6.2B) and for large decade-distances (Figures 6.2C and 6.2D). The larger effect of RT on the compatibility effect 
can be observed when the unit-distance is large, especially when the decade-unit is small (Figure 6.2B). 
b=.113; R²=.164  
t(17)=1.82; p=.043 
Small decade/small unit distances Small decade/large unit distances
b=.225; R²=.317  
t(17)=2.81; p=.006 
Large decade/small unit distances Large decade/large unit distances 
b=.224; R²=.151 
t(17)=1.74; p=.05 
b=-.040; R²=.015  
t (17)=.52; p=.310 
A B
DC 
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6.5. Conclusions 
Brazilian semi-illiterates show a significant unit-decade compatibility effect comparable in size to that 
of adult readers. Brazilian semi-illiterates seem to be able to segment two-digit Arabic numbers into 
the decimal structure. They also show a decade distance effect and thus seem to activate the semantic 
number representation. Both abilities seem to be transferred easily from an informal learning 
environment because they are available even for participants with only one year of academic training. 
Nevertheless, the compatibility effect is modulated by processing speed. Faster semi-illiterates 
present an inverted compatibility effect. One possible explanation for the inversion of the 
compatibility effect is the increased efficiency in number segmentation. When decade segmentation 
is more efficient it is less influenced by the unit digits, resulting in an inversion of the compatibility 
effect (cf. Nuerk et al., 2002a, Nuerk & Willmes, in press). 
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Study 6: A parametric fMRI study 
about neural correlates of  unit and 
decade representations 
NeuroImage, submitted7 
 
 
 
 
 
 
                                                 
7 This manuscript was co-authored with Hans-Christoph Nuerk and Klaus Willmes. A revised 
version has been submitted in the meantime 
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7.1. Introduction 
In this chapter the neural correlates of semantic distance in multidigit numbers were examined, in 
particular the neural correlates of unit-decade compatibility and decade representation. When 
participants compare numerical distance in one-digit or multidigit numbers, activation around the 
intraparietal sulcus (IPS) can be observed (Pinel et al., 1999; Pinel et al., 2001), even when semantic 
number processing is irrelevant for the task (Eger et al., 2002). The cortex around the IPS is 
intimately associated with semantic number representation which is described as a mental number 
line (Dehaene et al., 2003). 
At least two hypotheses about the neural correlates of decades and unit-decade compatibilitry can be 
formulated. The first one is related to the idea that semantic number magnitude is represented in an 
analog code (Dehaene et al., 1990). Dehaene and colleagues (Dehaene, et al., 1990) suggested that the 
semantic representation of multidigit numbers can be completely described by the location of the 
number on the mental number line. They have shown that units are automatically processed and 
predict behavioural responses even when irrelevant (Dehaene, et al., 1990). Such an analog semantic 
number representation preserves no relation with the surface base-10 structure of Arabic numbers. 
Hence, if decades and units are integrated into a single semantic representation of the overall 
distance (overall distance = unit distance + decade distance), the cortical regions associated with 
semantic number representation might be activated by both units and decades. At the neural level it 
might not be evolutionarily adaptive to segment the IPS to represent units and decades, since both 
must be integrated. 
However, behavioural studies suggest that units and decades may be represented in different 
cognitive bins of information (e.g. Nuerk et al., 2001; Nuerk et al., 2002b). In magnitude comparison 
tasks, the selection of the larger number is faster and more accurate when the larger number contains 
the larger unit (e.g. 76_21; since 7 > 2 and 6 > 1), than when the smaller number contains the larger 
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unit (e.g. 81_26; because 8 > 2, but 1 < 6). The impact of this unit-decade compatibility on 
behavioural responses is called compatibility effect (Nuerk, et al., 2001; Nuerk et al., 2002a; 2004a, 
and in press a) and is significant even when overall distance is matched in compatible and 
incompatible conditions. The compatibility effect is in line with the idea that units and decades may 
be represented separately around the IPS. If there are separate semantic representations of units and 
decades (Nuerk, et al., 2001; 2002a; 2004a and in press a), the voxels around the IPS which are more 
activated by decades or by units should not be identical. In one recent ERP study Whalen and 
Morelli (Whalen & Morelli, 2002) have examined the representations of units and decades in a two-
digit magnitude comparison task. They have estimated the location of dipole sources separately for 
decade and unit digits and have found separated dipole sources in the right parietal regions specific 
for unit and decade digits. The dipole for the units was located more anteriorly and the dipole for 
decades more posteriorly. 
In the present study continuous predictors were used to investigate the effect of compability-based 
unit distance and decade distance on the fMRI signal. Quantitative predictors may allow for testing 
more specific hypotheses about the effect of decade and compatibility-based unit distance on the 
fMRI signal than discrete distance variables (e.g. large/small, see Nuerk et al., 2001 for similar 
analyses of behavioural data). Using this approach, Pinel and colleagues (Pinel et al., 2001) have 
shown that logarithmically compressed distances are a better predictor of the fMRI signal than linear 
distances. 
Like in previous behavioural experiments, the unit numbers were irrelevant for magnitude 
comparison in the present study because only between-decade trials (e.g. 27_42) were used in which 
the decade digit comparison was sufficient for deciding which number was larger. Regression 
analyses of similar behavioural data sets from other studies have shown that the irrelevant units are a 
significant predictor of reaction times (Dehaene, et al., 1990, Nuerk, et al., 2001, 2002a, 2002b, 
2004a, and in press). 
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In summary, if multidigit numbers are represented in an analog format one expects to see overlap in 
the location of voxels selectively activated by decades and by compatibility based unit distance since 
they are integrated in a single representation. Alternatively, if compatibility-based unit distance and 
decades have separated cognitive representations, they also might have spatially separated neural 
representations. 
7.2. Methods 
7.2.1. Participants  
Fourteen male right-handed volunteers (mean age=27, range 21-38 years) took part in the study after 
having given their written consent to the protocol of the local Ethics Committee of the Medical 
Faculty. 
7.2.2. Experimental task  
Participants had to select the larger of two 2-digit Arabic numbers (range: 21-98) and press a key 
according to the position of the larger number (right key/above and left key/below; see Figure 
7.1A). The same set of 240 stimuli were employed by Nuerk and colleagues (Nuerk, et al., 2001), 
each item presented twice. In that set of stimuli, overall distance, decade distance, unit distance and 
problem size have been matched both absolutely and logarithmically between all stimulus categories 
(see Nuerk, et al., 2001, Table 1, pp. B29). In unit-decade compatible conditions the comparison of 
decades and units leads to the same response (76_21) whereas in incompatible ones, the comparison 
of decades and units leads to opposite responses (81_26). 
7.2.3. fMRI acquisition  
Two functional imaging runs sensitive to blood oxigenation level-dependent (BOLD) contrast were 
recorded for each participant with a Philips 1.5T Gyroscan MRI system (T2*-weighted echo-planar 
sequence, TR=2800 ms; TE=50 ms; flip angle=90°; FOV=220 mm, 64x64 matrix; 30 slices, voxel 
size=3.4x3.4x4 mm). In each run 316 scans + 5 dummy scans were acquired. In a rapid event-related 
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design, a total of 576 trials (480 experimental trials + 96 null events) were presented at a rate of 3 
seconds. The fMRI time series were corrected for movement and unwarped in SPM2 
(http://www.fil.ion.ucl.ac.uk/spm). Images were resampled every 4-mm using sinc interpolation and 
were smoothed with an 8-mm Gaussian kernel. 
Brain activity was convolved over all experimental trials with the canonical hemodynamic response 
function (HRF) and the effect of parametric regressors representing decade and unit distances on the 
brain signal was estimated for each participant. In a mixed-effects second level analysis the cortical 
regions showing modulation of signal due to unit-decade compatibility and decades consistently 
across the tested sample of participants were identified. Since the semantic processing of numbers is 
better described in a logarithmic compressed scale (Dehaene, et al., 1990), logarithmic decade 
distance was used as a predictor of brain signal in the central analysis. In a separate analysis, voxels 
where logarithmic decade distance (mean=1.48, SD=.30, ranging from 1 to 1.9) was a better 
predictor of signal than linear decade distance (mean=36.63, SD=19.74, ranging from 10 to 70) were 
identified. Logarithmic compression of units is more complicated to assess, since incompatible trials 
have negative unit distances (cf. Nuerk, et al., 2001). Adding the units to a constant in order to make 
all unit distances positive, or calculating the logarithm of the absolute unit distance are strategies to 
investigate the scaling properties of units. But since the neural representation and not the scaling of 
units is the main focus of this manuscript, the discussion about logarithmic compression of units and 
use of linear unit distance as a predictor of unit-decade compatibility will be postponed (mean=.01, 
SD=3.95, ranging from -8 to 8). The absolute unit distance was coded positively in compatible trials 
when the unit digit distance had to be added to the decade digit distance (42_67: distance 25 = (60 - 
40) plus (7 – 2)). The absolute unit distance was coded negatively in incompatible trials when 
compatibility based unit distance had to be subtracted from decade digit distance (37_62: distance 25 = 
(60 -30) minus (7 – 2)). 
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7.3. Results 
7.3.1. Behavioural task 
Due to technical problems, behavioural responses of only 11 participants could be recorded and 
analysed statistically. 
7.3.2. Compatibility effect 
An effect of decade distance on RT (77 ms; F(1,10)=93.20, p<.01) and on error rates (3%, 
F(1,10)=19.25, p<.01) was found (Figure 7.1B). The distance effect indexes that number comparison 
has elicited semantic processing of numerical distance. Unit decade compatibility also modulated RT 
significantly (5 ms; F(1,10)=5.82, p=.036) and error rates marginally (1%, F(1,10)=4.81, p=.053, see 
Figure 7.1C). Therefore, units and decades seem to contribute to semantic encoding of behavioural 
responses independently. No interaction did reach significance except for a decade- by unit-distance 
interaction for error rate (F(1,10)=5.90, p=.035). 
Regression analysis: Mean RT per item was regressed on logarithmic decade distance and absolute 
unit distance. Both, logarithmic decade distance (b=-140 ms; t(237)=14.80, p<.0001) and 
compatibility based unit distance (b=-2.8 ms; t(237)=4.01, p<.0001) were significant predictors of 
RT. Together, they accounted for almost 48% of RT variance (corrected R²=.478). 
7.3.3. fMRI 
The parietal lobes were defined as region-of-interest and were examined for the specific 
contributions of decade- and unit distance to the fMRI signal. Like the behavioural data, the fMRI 
signal around the intraparietal cortex was modulated by decade- and by compatibility based unit 
distance. 
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Figure 7.1A Examples of stimuli. Figure 7.1B and 7.1C Both behavioural responses and error rates have 
revealed different forms of semantic number processing. Figure 7.1B shows the compatibility effect in RT and error 
rate and Figure 7.1C shows the decade distance effect. The error bars represent 1 standard error. 
 
7.3.4. ROI analysis- Decade distance  
As can be seen in Figure 7.2A, decades predicted activation of the cortex around the IPS bilaterally. 
In the left hemisphere one cluster of activation was found around the posterior left IPS (k=54, 
tmax(13)=8.17; p=.003, FWE corrected, Talairach coordinates, -32, -52, 47). In the right hemisphere, 
one large cluster of activation was found with a maximum at the posterior bank of the IPS (k=97, 
t(13)=8.03; p=.003, FWE corrected, 36, -56, 54). This cluster extended to the anterior IPS (local 
Compatible, 
since 7 > 2 
and 6 > 1 
81 
26
A 
76 
21 
Incompatible, 
since 8 > 2 
but 1 < 6
C 
B 
RT(ms)
errors(%)
RT(ms)
errors(%)
   175 
maximum, t(13)=6.65; p=.025, FWE corrected, 40, -41, 35). In these regions around the IPS the 
smaller decade distance produced a stronger hemodynamic response.  
Using the same method as Pinel and colleagues (Pinel et al., 2001), the prediction of logarithmic vs. 
linear decade distance on the fMRI signal were compared. In three clusters around the IPS activation 
was significantly better predicted by logarithmic decade distance than by linear distance. One cluster 
was located around the left IPS (k=13, tmax(13)=7.51; p=.007, FWE corrected, -32, -52, 47). On the 
right side there were two clusters of activation, one around the more posterior IPS (k=21, 
tmax(13)=7.13; p=.012, FWE corrected, 36, -56, 54) and another one more anteriorly (k=11, 
tmax(13)=6.82; p=.019, FWE corrected, 40, -41, 39). These results show that activation around the 
IPS is better captured by the logarithm of the semantic distance (Pinel et al., 2001). 
7.3.5. ROI analysis- Compatibility-based unit distance  
As can be seen in Figure 7.2B, voxels responding specifically to unit distance were confined to a 
single region around the right anterior IPS (k=11, tmax(13)=7.32; p=.009, FWE corrected, 44, -37, 
42). FMRI signal increased when unit distance became more negative. Since a more negative unit 
distance indicates higher unit decade incompatibility, activation of units seems to depend on their 
relation to the respective decades. 
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Figure 7.2A Activated voxels represent cortical areas where the fMRI signal was predicted by unit distance. Only a 
small cluster of voxels in the right anterior portion of intraparietal cortex was activated. Figure 7.2B Activated 
voxels represent cortical areas where the fMRI signal was predicted by decade distance. Large clusters of voxels can be 
found in the right and left intraparietal cortex. Figure 7.2C Red voxels represent the regions showing modulation of 
activation by decade distance and green voxels represent the regions showing modulations of activation by unit distance. 
Only a very limited number of voxels responded to both unit and decade distance. 
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Table 7.1 Cortical regions showing modulation of fMRI signal due to decade and unit distances 
Decade distance 
Region Talairach 
coordinates x, y, z 
t-value BA Cluster 
size k 
Right intraparietal sulcus 36, -52, 52 8.03** 40 97 
Right intraparietal sulcus (local maximum) 40, -38, 34 6.65** 40 - 
Left intraparietal sulcus -32, -48, 46 8.17** 40 54 
Right superior parietal cortex 8, -75, 52 4.85* 7 10 
Left extrastriate cortex -28, -85, 19 5.55** 19 13 
Posterior cingulate gyrus -4, -22, 23 5.49** 23 12 
Left motor cortex -40, 6, 40 6.69** 4 35 
Left premotor cortex -24, -5, 48 5.74** 6 11 
Right premotor cortex 44, -1, 48 5.18* 6 16 
Right ventrolateral prefrontal cortex 48, 20, 14 6.73** 45 11 
Right ventrolateral prefrontal cortex 48, 19, -8 5.38* 45/47 10 
Unit distance 
Intraparietal sulcus right 44, -37, 42 7.32* 40 15 
Left extrastriate cortex  -20, -97, 5 6.05* 18 66 
** p-value uncorrected < 0.0001, * p-value uncorrected < 0.001, § BA: Brodmann area 
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7.3.6. Whole brain analysis 
Besides the intraparietal cortex several other brain regions were activated by decade distance. When 
decade distance became smaller, a large scale neural network was activated. The network included the 
right superior parietal cortex, left extrastriate cortex, the posterior cingulate gyrus, left premotor and 
motor cortex, right pre-motor cortex, the right homologue of Broca’s area and right ventrolateral 
pre-frontal cortex (see Table 7.1). The higher level of activation in areas of premotor, motor and 
prefrontal cortex can be associated with increased task difficulty for smaller numerical distance. 
Inspection of the inverse contrast (large decade distances leading to stronger activation) revealed that 
no voxel in the whole brain was activated (uncorrected p-value of .001). 
When unit distances became more negative, there was more interference with the choice of the larger 
number and increased activity in the right intraparietal cortex. Activation around the right IPS may 
be associated with semantic processing of units. The higher activation found in left extrastriate 
cortex may indicate stronger visual processing on the right side on which the unit appear in the 
Arabic number system. The inverse contrast (more positive unit distance leading to stronger 
activation) revealed that no voxel in the whole brain was activated (uncorrected p-value of .001). The 
incompatible units may have activated extra resources of visual processing or attentional modulations 
of the activation in the visual cortex (cf. Fink, Halligan, Marshall, Frith, Frackowiak, & Dolan, 1996). 
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7.4. Discussion 
Decades and units seem to modulate the fMRI signal in different regions around the IPS. Decade 
distance of two-digit Arabic numbers activated large portions of intraparietal cortex bilaterally, 
whereas unit distance only activated a small cluster of voxels at the anterior right IPS. The distinct 
distribution of voxels sensitive to decade distance and compatibility-based unit distance has 
implications for different neural models of two-digit semantic number processing. Voxels sensitive 
to decade and unit distance were not uniformly distributed over the intraparietal cortex as would be 
expected when neurons would be sensitive to overall distance. As can be seen in Figure 7.2C, the 
number of voxels activated both by unit and decade distance was very small and restricted to the 
anterior right IPS. Therefore, the semantic representations of units and decades seem to be related to 
voxels located in different portions of intraparietal cortex. 
Like in previous studies (Pinel et al., 1999; Pinel et al., 2001; Nuerk et al., 2001, 2002b, 2004), decade 
distance had an effect on both fMRI signal and behavioural responses in the present study. Higher 
fMRI signal and slower and less accurate responses were associated with smaller decade distance. 
Furthermore, logarithmic decade distance provided significantly better fit to the fMRI signal than 
linear decade distance. These results are in line with fMRI (Pinel et al., 2001) and single cell recording 
studies (Nieder & Miller, 2003; Nieder et al., 2002). In summary, the hemodynamic/neural signal 
seems to be better predicted by logarithmic distance than by linear distance. 
Unit distance also modulates the fMRI signal and behavioural responses (Nuerk et al., 2001, 2002b, 
2004). Large unit decade incompatibility was associated with higher fMRI signal around the right 
anterior IPS and slower and less accurate behavioural responses. Nevertheless, both overall distance 
and unit distance were matched between compatible and incompatible item groups. The intensity of 
the fMRI signal becomes higher when units and decades are incompatible. This finding is hard to 
reconcile with a purely analog neural representation of number magnitude. Furthermore, the effect 
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of compatibility-based unit distance was confined to a small region in the anterior right IPS. The 
more posterior portion of IPS seems to be devoted more to the decade number, while the more 
anterior portion of the right IPS seems to be sensitive to the incompatibility. Apparently some 
division of labour takes place around the intraparietal cortex when comparing two-digit Arabic 
numbers. 
However, there are alternative explanations for the present findings. Firstly, the results could be due 
to a lack of statistical power. One could imagine that units activate the same areas as decades at a 
lower statistical threshold. Thus, the statistical threshold was fixed at p=0.001, uncorrected. Even at 
this liberal threshold activation in the posterior intraparietal cortex was not modulated by units. 
Secondly, attentional modulation may have influenced the activation pattern in this study. The 
decade distance effect was behaviourally the strongest effect: trials with a small (logarithmic) decade 
distance were much more difficult than trials with a large decade distance. A large network of neural 
regions including frontal, prefrontal and superior parietal areas became activated more strongly for 
small decade distances. These regions have been previously associated with alertness, attention and 
cognitive effort (e.g. Sturm, de Simone, Krause, Specht, Hesselmann, Rademacher, Herzog, Tellman, 
Muller-Gartner, & Willmes, 1999; Sturm & Wilmes, 2001). Therefore, it is not surprising that these 
regions were more activated in more difficult trials. Nevertheless, activation around the IPS can be 
modulated independently of attentional demands. Repetition priming modulates the activation 
around the IPS, even when numbers have been presented unconsciously (Naccache & Dehaene, 
2001a and b). In contrast, task difficulty may fail to modulate activation of the cortex around the IPS 
(Menon, Rivera, White, Glover, & Reiss, 2000). Topological differences between decade and unit 
activation could be found around the IPS which cannot be explained by differences in task difficulty 
or attentional demands. If these activation differences would just be due to attentional modulation, 
the activation for decades should be more pronounced and more extensive than for units, but not 
topologically distinct. 
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However, the present results do not necessarily suggest fixed neural correlates for decades and units. 
For instance, unit distance effects were obtained only in the right IPS while other studies examining 
only one-digit numbers have reported bilateral IPS activation associated with unit numbers (Pinel et 
al., 1999; Eger et al., 2002; and Pinel et al., 2004). The division of labour between different portions 
of intraparietal cortex might thus be the result of a dynamic process of resource redistribution due to 
task and stimulus demands, rather than of fixed anatomo-functional correlates of decade and unit 
processing. 
7.5. Conclusions 
Here was examined how units and decades of two-digit Arabic numbers modulate the fMRI signal in 
a magnitude comparison task. Decades predicted activation of large portions of intraparietal cortex 
bilaterally, while units predicted activation of only a small portion of right anterior intraparietal 
cortex. These results seem to indicate that units and decades have distinct semantic representations 
and that these representations are associated with different cortical areas. 
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8. General Discussion 
The General Discussion is divided in two parts. In Part 1 evidence regarding the SNARC effect and 
one-digit semantic number processing will be contrasted with the predictions of the Conceptual 
Model of the SNARC effect, which were presented in the Introduction. 
 In Part 2 the evidence regarding the unit-decade compatibility effect will be discussed in terms of 
the hybrid model. 
8.1. Part 1 
The general aim of the studies in Part 1 was to examine the main determinants of the SNARC effect 
which can be stimulus or response related. The main findings of the empirical investigations of 
Studies 1 to 3 can be summarized as follows: 
1- Allocentric and egocentric frames of reference determine the SNARC effect. 
2- The SNARC effect may be considered to be basically a response-related effect, but there are some 
features of Arabic number processing, like their spatial location, which may modulate the SNARC 
effect. 
3- The SNARC effect interacts with the Simon effect. 
4- The SNARC effect seems not to be modulated by stimulus modality –auditory vs. visual- or 
stimulus format – Arabic numbers, number words and dice patterns. 
Together, these findings suggest that the SNARC effect is not merely an index of semantic number 
representation, but an index of the spatial properties of number magnitude. The MNL seems to be 
not only a metaphor for explaining the association of response codes and the SNARC effect, but an 
active mental representation which may be used to guide semantic number comparison. As shown in 
Study 1 the frame provided by the MNL is the most relevant one for guiding the SNARC effect. 
Furthermore, the SNARC effect may not be exclusively a response related effect, but may be 
modulated by an association between stimulus location and response location. 
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In the following the success of the Conceptual Model of the SNARC effect in accounting for 
existing empirical evidence regarding the SNARC effect will be discussed, in particular regarding the 
empirical evidence obtained in Studies 1 to 3. The discussion will be centred on the following points: 
(i) interaction of the spatial codes of stimulus with semantic number processing, (ii) the relevance of 
different spatial frames of reference for the SNARC effect, (iii) the interaction Simon effect by 
SNARC effect and (iv) general predictions about the influence of tasks, stimulus modality and 
stimulus format on the SNARC effect. 
8.1.1. Do the spatial codes of stimulus interact with the MNL?  
In the literature the SNARC effect has been defined as the association of the spatial numerical codes 
provided by the MNL with response codes (Dehaene et al., 1993; Fischer, 2003). Nevertheless, this 
definition of the SNARC effect seems not to be complete. 
The Conceptual Model of the SNARC effect predicts that the MNL may gain access to the spatial 
codes of both stimuli and responses (see Introduction, Figure 1.2). Therefore, the Conceptual Model 
predicts that the orientation of the MNL may interact with the spatial processing of numerical stimuli 
as well as with the response codes associated with these stimuli. 
The results of Study 2 lend support to this hypothesis. The SNARC effect seemed to be stronger 
when Arabic numbers were presented on the right side of the computer screen than when they were 
presented on the left side. However, the differences in the SNARC slopes for stimuli presented on 
the left and on the right side depended on the spatial uncertainty regarding the location of stimuli. 
The difference in the SNARC slopes between the left and right side decreased when spatial 
uncertainty was smaller. As will be discussed below, the interaction between Simon and SNARC 
effect equally decreased when the spatial uncertainty decreased. When the spatial uncertainty is high, 
the computation of stimulus location is a more salient aspect of the task and may become more 
prone to interact with the spatial coding of the MNL. In contrast, when the spatial uncertainty in the 
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location of stimulus is low, the computation of stimulus location might not interact with the spatial 
coding of the MNL. 
Further evidence supporting the interaction of the MNL with stimulus-related spatial coding can be 
derived from the studies of Fischer and colleagues (2003) and a recent study of Wood, Mahr, Nuerk 
and Willmes (manuscript in preparation). 
Fischer and colleagues (2003) have shown that the MNL may facilitate the visual detection of non-
semantic targets presented laterally. When Arabic numbers were used as cues for the detection of 
non-semantic targets, smaller magnitudes have facilitated the detection of targets on the left side 
while large number magnitudes facilitated the detection of targets on the right side. Wood, and 
colleagues (manuscript in preparation) presented one-digit Arabic numbers laterally on the computer 
screen and asked participants to judge about the magnitude of stimuli. The examination of the 
distance effect for numbers laterally presented revealed a strong interaction between the MNL and 
the physical left-right location of stimuli. When the position of numbers on the MNL was congruent 
with its position on the computer screen (large numbers-right, small numbers-left), there was a large 
and highly significant distance effect. To the contrary, when the position of numbers on the MNL 
was incongruent with its position on the computer screen (small numbers-right, large numbers-left), 
there was only a small distance effect. 
Figure 8.1 shows the distance effect computed for numbers presented on congruent (1 and 4 left, 6 
and 9 right) and incongruent (1 and 4 right, 6 and 9 left) locations on the screen. The distance effect 
was significantly larger (t(31)=2.32; p=.027) when the location of numbers on the MNL and on the 
screen were compatible. This shows that the semantic location of numbers on the MNL interacted 
with the location of numbers on the screen. Furthermore, the distance effect, as well as the SNARC 
effect were larger for stimuli presented on the right side (distance effect: right=29.7 ms; left= 
17.8ms; t(31)=2.40; p=.022; SNARC slope: right=-13.8ms; left=-9.75 ms; t(31)=2.89; p=.007). 
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The results of Wood and coworkers (manuscript in preparation) provide a replication of the results 
of Study 2, Experiment 1 using a different task and slightly different experimental design and extend 
the interaction of the MNL with spatial coding of stimuli to another measure of semantic number 
processing, namely, the distance effect. They also replicate the findings of Study 2 of this dissertation 
regarding a larger SNARC effect for stimuli presented on the right side. Apparently the MNL is 
preferentially activated by the more salient right response code than by the left one.  
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Figure 8.1 Distance effect for Arabic numbers presented at the left and the right side of the computer screen. This 
experiment shows the interference of the spatial location of stimuli on the activation of the MNL. The distance effect 
(given by [small distance from standard]-[large distance from standard]) was significantly larger when the location of 
numbers on the MNL was compatible with their location on the computer screen. 
 
In summary, the present empirical evidence supports the claim of the Conceptual Model of the 
SNARC effect that the activation of the MNL may depend on spatial features of numerical stimuli. 
8.1.2. The relevance of different spatial frames of reference for the SNARC effect 
Two interesting predictions of the Conceptual Model of the SNARC effect refer to the MNL. The 
first is that the SNARC effect is guided by the spatial orientation of the MNL, but only when left and 
right response codes may be discriminated according to the spatial frame of reference of the MNL. 
1     4        6      9
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The second is that when the MNL is not informative regarding left and right response codes, other 
frames of reference may be relevant in certain spatial contexts and may be adopted to guide the 
SNARC effect. Study 1 of this dissertation was the first one to test both assumptions of the 
Conceptual Model. The results obtained lend support to both these claims of the Conceptual Model. 
Firstly, when the spatial frames of the MNL, response keys and hands were aligned, the SNARC 
effect was maximal. Therefore, the left-to-right orientation of the MNL seems to contribute to the 
SNARC effect itself. These findings are in line with the existing literature which show a facilitation of 
performance when different spatial frames of reference are aligned in comparison to conditions 
when some of them are not (Carlson-Radvansky & Irwin, 1993). Furthermore, as shown in Study 1, 
the more salient spatial frame for the SNARC effect seemed to be provided by the abstract MNL 
itself. If the position of response keys were sufficient for producing the SNARC effect, the SNARC 
effect should have remained constant across all non-horizontal and non-vertical positions in 
Experiment 1 of Study 1. However, this was clearly not the case. When response keys were rotated 
away from the horizontal position, the SNARC effect decreased proportionally to the angle of 
rotation. Accordingly, when hands were crossed in the studies by Dehaene and colleagues (1993) and 
Fischer and Hill (2004), the SNARC effect remained anchored at the left-to-right axis provided by 
the MNL. This can be interpreted as evidence that the SNARC effect was computed according to 
the orientation of the MNL even when the congruity between the orientation of response keys and 
the MNL diminished and the discriminative power of the MNL on left and right response codes 
diminished. 
Interestingly, when the MNL was completely non-discriminative regarding the assignment of 
response codes (when response keys and hands were positioned in the midline of the body), other 
frames of reference guided the SNARC effect. These results support the second prediction of the 
Conceptual Model of the SNARC effect regarding the MNL. Namely, other spatial frames of 
reference may be used to discriminate left and right response codes, when the MNL is not 
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discriminative. As pointed out in Study 1, the frame of reference provided by hands may determine 
the SNARC effect when the MNL is not discriminative. When response keys were positioned on the 
body’s midline, the orientation of the mental number was exactly orthogonal to the orientation of 
response keys and was not discriminative about the small-left/large-right mapping. In that case, the 
spatial frame provided by the hands was informative about “left” and “right” response codes, since 
hands are labelled anatomically. 
As could be observed in Study 1, not all spatial frames of reference are equally relevant in different 
contexts. Actually, the relevance of one or the other spatial frame of reference may change according 
to the arrangement of different forms of spatial congruity, which may be specific to each 
experimental context. In Study 1 there were occasions when the MNL was ambiguous about the 
association of response codes. In both Experiment 1 and 2 of Study 1, when the response keys were 
positioned in line with the midline of the body, hands were used for mapping the SNARC effect and 
not the response keys. Nevertheless, in contrast with the results of Study 1, Ito and Hatta (2004) 
have found that Japanese participants use response keys for mapping the SNARC effect and not 
hands. However, since the vertical dimension is more relevant in the Japanese reading system than in 
the western languages, it is possible that the participants of the study of Ito and Hatta (2004) may 
eventually orient the MNL along both horizontal and vertical axis. This could explain the lack of 
influence of hands on the mapping of the SNARC effect when response keys are aligned in the 
midline of the body. 
In summary, the SNARC effect is not exclusively associated with the definition of “left” and “right” 
in the frame of the MNL, but also in the frame of hands. Nevertheless, the MNL seems to be on top 
of this hierarchy (see Study 1). The exact conditions when hands or response keys are used to guide 
the SNARC effect deserve further investigation. 
An interesting case of stimulus-response compatibility occurs when there is no frame of reference to 
label response codes as “right” or “left”. Schwarz and Keus (2004) have measured the decision time 
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to execute up or down eye-movements in response to the parity of Arabic numbers presented in the 
centre of the computer screen. They found a preference of large numbers for eye-movements to 
locations up in the screen, while small numbers preferred movements to locations down in the 
screen. 
Two explanations for these results may be formulated. The first one might suggest that participants 
are able to rotate the regular MNL into vertical orientation. However, this explanation may be 
rejected for one simple reason: The simple rotation of the MNL to the vertical axis alone does not 
explain the systematic preference of large magnitudes for locations above and small magnitudes for 
locations below. The second explanation for the preference of large magnitudes for locations above 
and small magnitudes for locations below is based on a “number mapping” which is a generalization 
of the MNL for the vertical dimension (Schwarz & Keus, 2004) and facilitates upper responses for 
large magnitudes and lower ones for small magnitudes. 
Nevertheless, the “number mapping” proposed by Schwarz and Keus (2004) might be specific to the 
experimental conditions they have tested. In their experiments with eye-movements there was no 
direct way to define response codes as left or right. The most salient spatial frame in the 
experimental set was provided by the visual targets located above and below the fixation point. As 
reported by Weeks and Proctor (1990), in the vertical stimulus dimension the code “above” is more 
salient than the code “below”, while in the response dimension the code “right” is more salient than 
the code “left” (see also Bauer & Miller, 1982; Michaels, 1989 for early evidence). Therefore, the 
association of “large” and “up” may have been indirectly activated in the study of Schwarz and Keus 
(2004). 
Nevertheless, in Study 1 of this dissertation such an orthogonal association of response codes did 
not occur. When the response keys were aligned in the midline of the body, the SNARC effect was 
not larger for the response key positioned above, but it always followed the right hand. These results 
may help to put further constrains on the Conceptual Model of the SNARC effect regarding the 
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activation of a hierarchy of spatial frames of reference. When the MNL was not discriminative 
regarding the left and right response codes, another frame of reference was activated. In the absence 
of a spatial frame of reference for discriminating left and right response codes, the SNARC effect 
was found to be encoded indirectly through other spatial dimensions, anchored in the more salient 
response code. 
In future studies the hierarchy of frames of reference may be refined by isolating the contributions of 
other egocentric and allocentric spatial frames for the SNARC effect. In future studies the impact of 
gravitational coordinates as well as body-centred frames of reference on the SNARC effect should be 
investigated. For instance, the influence of the orientation of the head and body as well as the 
position of both hands in relation to the body and head on the SNARC effect should be examined. 
In summary, the present results complement previous investigations about the SNARC effect. At the 
same time they raise new questions about the nature of the MNL. Is the MNL oriented in spatial 
coordinates or perhaps in attentional coordinates (McCloskey & Rapp, 2000)? Is the visual feedback 
relevant for the activation of the MNL? It remains unclear, for instance, whether the frames of 
reference examined in Study 1 of this dissertation are general and remain relevant for performance 
when visual control over the body and the environment is excluded. In the study of Fischer and Hill, 
(2004), visual control may have determined the presence of the SNARC effect. Fischer and Hill have 
shown that when numbers are presented in the auditory modality and hands are not crossed, the 
SNARC effect may be non-existent. However, when hands were crossed, a regular SNARC effect 
was found (i.e. right key presses faster to large numbers and left key presses faster to small numbers). 
Fischer and Hill argue that crossed hands may offer a stronger tactile and proprioceptive stimulation, 
which may help to build up a spatial reference frame for responses and produce the SNARC effect. 
However, Fischer and Hill do not offer an explanation for the necessity of stronger tactile and 
proprioceptive stimulation for activating the MNL and producing the SNARC effect. 
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The evidence showing the dissociation of the frames of reference provided by the MNL and those 
provided by other spatial representations is still limited and should be investigated in more detail. 
8.1.3. The SNARC effect by Simon effect interaction  
Previous studies of Tlauka (2002) and Mapelli and colleagues (2003) have reported negative results 
regarding the interaction between SNARC and Simon effect. However, the results of Study 2 of this 
dissertation and those reported in a recent study by Keus and Schwarz (in press) demonstrate the 
existence of such an interaction. Keus and Schwarz (in press, Experiment 3) have noted that in 
previous studies on the Simon-SNARC interaction the wrong parameters for examining the 
interaction may have been chosen. According to Hommel (1993), the time to process the relevant 
dimensions of stimuli may determine the size of the Simon effect. Therefore, Keus and Schwarz 
have reasoned that not only the size of the Simon effect might be affected by the time to process the 
relevant dimension of stimuli but also its interaction with the SNARC effect. If processing the 
relevant dimension of stimuli (e.g. number magnitude or numbers parity) takes a long time, the 
facilitation of ipsilateral responses may no longer exist in a large proportion of the distribution of 
responses. In the studies of Tlauka (2002) and Mapelli and colleagues (2003) the experimental tasks 
and the eccentricity of stimuli used may have minimized the overlap between the distributions of 
Simon and SNARC effect. Thus, Keus and Schwarz (in press) have chosen a colour discrimination 
task in order to increase the overlap in the distribution of the cognitive processes responsible for 
SNARC and Simon effect. The modification in procedure has shown to be effective. Keus and 
Schwarz (in press) have found a significant SNARC effect only in Simon-incompatible trials, the 
same result has been reported in Study 2 [Experiment 1] of this dissertation. Furthermore, the 
distributional overlap account they propose is an alternative to the spatial uncertainty account 
proposed in this dissertation. Future studies may help to reconcile both explanations. Anyway, the 
194 
results of Study 2 and those of Keus and Schwarz (in press) convincingly show the interaction 
between SNARC and Simon effect. 
As pointed out by Wascher and coworkers (2001) the cognitive processes involved in the Simon 
effect are not always the same. When stimuli are presented in the visual modality and hands are not 
crossed, the Simon effect is mainly due to a facilitation of the congruent stimulus-response 
assignment, which is produced by very basic links between mechanisms of perception and action. 
However, when stimuli are presented in auditory modality or when hands are crossed, other 
cognitive mechanisms produce the Simon effect by inhibiting the incongruent stimulus-response 
assignment. 
One may use the differentiation between two processes proposed by Wascher and coworkers (2001) 
in order to characterize the interaction between SNARC and Simon effect. The absence of a SNARC 
effect in Simon-congruent trials, when numbers were visually presented and hands were not crossed 
may be due to the early preparation of responses in Simon compatible trials. Study 2 (this 
dissertation) and of Keus and Schwarz (in press) reported some results about the interaction between 
Simon and SNARC effect, which may be accommodated by the Conceptual Model as a special case, 
because both studies have examined the less cognitive version of the Simon effect. The facilitatory 
links between perception and action may have precluded the influence of number magnitude on 
response selection in Simon compatible trials. 
8.1.4. General predictions about the influence of tasks, stimulus modality and -format on the 
SNARC effect 
According to the Conceptual Model of the SNARC effect, spatial features of stimuli and task 
requirements may determine the SNARC effect. As pointed out above, the saliency of the spatial 
coding of stimuli, as well as the discriminability of response codes may be important predictors of 
the SNARC effect. 
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Moreover, the results of Study 3 have pointed out some features of stimuli which may not be 
relevant for the SNARC effect. In Study 3 the centrality of the abstract number representation from 
the point of view of different numerical formats and different modalities of sensory input was 
examined. Numerical stimuli in different modalities and formats (Arabic numbers, written number 
words, auditorily presented number words and dice patterns) were used as stimuli in a parity decision 
task. The results favour a central and amodal number semantic representation, since the SNARC 
effect was comparable across stimulus modalities. If the SNARC effect were specific for stimulus 
format or modality, the SNARC effect might be smaller or inexistent when numbers are presented as 
dice patterns or in auditory format. But this was not the case. The results of Study 3 about the 
SNARC effect are in line with the observations of Ischebeck (2003) regarding the distance effect. 
Ischebeck (2003) has examined the centrality of semantic number processing using a flanker task. 
She has presented numerical targets in verbal or Arabic formats flanked either by Arabic digits or 
number words. In general, RT was faster when the distance between target and flanker was small. 
Furthermore, when target and flanker were presented in the same format, no difference in the 
distance effect for the two formats was observed. The results of Study 3 of this dissertation and 
those of Ischebeck (2003) show that semantic number processing is largely independent of the input 
format of stimuli. 
8.1.5. Conclusions of Part 1 
A new Conceptual Model of the SNARC effect has been proposed, which offers an integrative view 
of the SNARC effect and may account for the existing empirical data. Since the structure of the 
Conceptual Model is very simple, it may be considered a useful approximation of the cognitive 
processes involved in the SNARC effect. 
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The Conceptual Model can account for the activation of allocentric and egocentric frames of reference 
when number magnitude is activated. Furthermore, the Conceptual Model makes predictions about 
how and when these frames may determine the SNARC effect.  
The Conceptual Model may account for the features of stimulus processing, like their spatial 
location, which may modulate the SNARC effect in a facultative fashion, and for the SNARC by 
Simon interaction. For instance, when response keys are positioned diagonally, the SNARC effect is 
not as large as when the response keys are positioned horizontally. When response keys are aligned 
with the body midline, the SNARC effect seems to follow the position of the right hand. 
Furthermore, when the task at hand is relatively easy and the position Arabic numbers as well as 
response codes are lateralized, a strong interaction between Simon and SNARC effect is predicted. 
8.1.6. Future Directions 
1- Further investigations are necessary in order to disentangle the role of many different spatial 
frames of reference for the SNARC effect. A first approximation of the hierarchy in the activation of 
frames of reference was sketched here, but more investigations on this matter are still necessary. 
2- The investigation of the factors mediating the interaction of the MNL with spatial representations 
of stimuli should be extended. Most studies about the SNARC effect have relied upon a single task 
type, the parity decision task. Parity decision is notoriously a slow cognitive process. Therefore, the 
investigation of factors determining the interaction of the MNL with stimulus related spatial 
processing should employ other types of tasks, which may be more useful to investigate the stimulus-
related in order to complement the investigation carried out with parity decision tasks. 
3- Further investigation on the role of different sensory modalities and different hand positions for 
the SNARC effect and for the interaction Simon by SNARC effect are needed. The results of Fischer 
and Hill (2004) suggest that number magnitude can be activated to different degrees depending on 
visual control over the response codes. 
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4- A computational implementation of the Conceptual Model may be useful for testing some 
predictions of it, which may inspire new empirical investigations and may help to constrain new 
versions of the Conceptual Model of the SNARC effect. 
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8.2. Part 2 
In Part 2 of this dissertation the semantic representation of two-digit numbers was examined. The 
results of the empirical investigations carried out in Studies 4 to 6 are consistent with the view that 
unit and decade may activate separate semantic representations beside the overall semantic 
magnitude. More importantly, these empirical observations corroborate the hybrid model proposed 
by Nuerk and Willmes (in press), which proposes that both overall and decomposed unit and decade 
representations are activated in two-digit number comparison tasks. The main findings of Studies 4 
to 6 may be summarized as follows: 
1- Overall and decomposed representations may be activated when comparing two-digit Arabic 
numbers. These different representations may interact with each other and influence responses in 
different ways depending on which representations receive more attentional resources. 
2- Decomposed representations of two-digit numbers may be activated and compared before overall 
magnitude is activated. When the decomposed representations of numbers are activated before the 
overall magnitude, overall representations may be of little relevance for performance. 
3- The acquisition and use of separate representations for units and decades may not depend on 
much formal schooling, since even adult individuals with poor schooling seem to use them. 
4- The compatibility effect decreases in parallel to the amount of formal schooling of adult semi-
illiterates that may be associated with an increased efficiency in number segmentation. 
5- The cortical regions sensitive to unit and decade magnitude seem to be separated. 
These empirical findings will be discussed in the next sections and will be integrated by employing 
the hybrid model. 
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8.2.1. Differentiating one-digit and two-digit semantic number processing 
For a long time there was controversy in the literature about the nature of the semantic 
representation of two-digit numbers. Some authors are more prone to consider two-digit number 
magnitude as an extension of one-digit number magnitude (e.g. Dehaene et al., 1990, Brysbaert, 
1995). In contrast, other authors distinguish processes involved exclusively in the activation of two-
digit number magnitude (e.g. McCloskey, 1992; Hinrichs et al., 1981; Nuerk et al., 2001, Nuerk & 
Willmes, in press).  
In the introduction, two models of two-digit magnitude representation have been outlined, a holistic 
model and a hybrid model. The holistic model tries to explain semantic processing of two-digit 
numbers according to the same logic as one-digit numbers. However, the holistic model has been 
shown to be insufficient to describe the whole scope of processes activated by two-digit number 
processing (Nuerk & Willmes, in press). Nuerk and Willmes point out three main pieces of evidence 
which cannot be reconciled with an exclusively analog representation of two-digit numbers. The first 
one is the compatibility effect (see Introduction). The compatibility effect can be found not only in 
German language, but in other languages like English (Nuerk et al., 2004a), and as shown in Study 5, 
also in Portuguese. 
The second piece of evidence against a purely holistic view of one- and two-digit number 
comparison comes from masked priming experiments. The study by Ratinckx and colleagues 
(submitted) shows that the place of digits is actively processed, not only the digits themselves or their 
analog magnitude. 
The third piece of evidence comes from the effect of decade crossing in number bisection tasks 
(Nuerk et al. 2002b). The decision whether a number is the arithmetic mean of other numbers is 
more difficult when one of these numbers is in another decade (e.g. 35_38_41) than when all 
numbers are in the same decade (41_43_47). 
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Two further pieces of evidence against a purely holistic representation of two-digit numbers are (i) 
that the development of two-digit magnitude representation in children from grades 2 to 5 is never 
purely holistic, but involves always the separation of units and decades. And (ii) the examination of 
adult semi-illiterates (Study 5 of this dissertation) suggests that the separation of units and decades 
occurs prior to formal schooling. 
One possible conclusion from all these empirical observations could be that only separated 
representations of units and decades exist. Nevertheless, Nuerk and Willmes (in press) dismiss a 
purely decompositional model of two-digit semantic number processing. They have shown that in 
several tasks involving two-digit numbers evidence for the activation of both holistic and 
decomposed unit and decade representations has been found. Nuerk and coworkers (2002b) 
observed that overall distance remained a significant predictor of performance even after controlling 
for the effect of decade crossing. Furthermore, in two-digit number comparison tasks logarithmic 
overall distance has been found to be a relevant predictor of performance (e.g., Nuerk et al., 2001). 
Therefore, Nuerk and Willmes (in press) adopted an integrative perspective of the data and proposed 
that both holistic and decomposed semantic representations may be activated in tasks involving two-
digit numbers. According to the hybrid model, the theoretical constructs derived from investigations 
about semantic number processing in one-digit numbers are not sufficient for the investigation of 
semantic processing of two-digit numbers. In this sense, two-digit semantic number processing 
should not be seen as a simple extension of one-digit semantics as could be derived from the analog 
model by Dehaene and colleagues (1990). In the following sections the empirical evidence obtained 
in Studies 4 to 6 will be discussed in light of the predictions of the hybrid model. 
8.2.2. Overall and decomposed representations of visually masked two-digit Arabic numbers  
According to the hybrid model of Nuerk and Willmes (in press), both overall and decomposed 
representations of magnitude may be activated and interact in two-digit number comparison tasks. 
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The hybrid model predicts that attentional and strategic factors as well as specific task requirements 
may determine the activation of the overall and decomposed magnitude representations. The results 
of Study 4 support these predictions of the hybrid model in many ways. Firstly, the activation of 
overall and decomposed representations were modulated by the use of visual masks, which blocked 
for a short time the activation of some -but not all- semantic relations between unit and decade 
digits. For instance, when decade and unit digits from different numbers are masked (Study 4, see 
Figure 5.1A), the overall representation of these numbers cannot be accessed until the visual mask 
vanishes, but the decomposed unit and decade representations can. In Experiment 1 overall 
magnitude predicted RT poorly. In contrast, when decade and unit digits from the same number 
were masked (Experiment 2, Study 4), the overall and decomposed representations of the other two-
digit number, which was presented from the beginning of the trial, will be activated from the 
beginning of the trial. Differing from Experiment 1 of Study 4, in Experiment 2 the overall 
magnitude of the unmasked number could be activated from the beginning of a trial. Consequently, 
in Experiment 2 measures of overall distance predicted RT much better than in Experiment 1. These 
results clearly show that the activation of overall and decomposed magnitudes and their effect on 
performance depend on the amount of attention devoted to them. Another empirical question 
addressed in Study 4 was the timing of two-digit number comparison. The holistic model predicted 
that magnitudes of two-digit numbers are activated only after both unit and decade digits are 
presented. In contrast, the hybrid model is consistent with the early activation of separated and 
overall magnitude representations as well as with a late comparison of magnitudes, which is possible 
only after all digits have been presented on the computer screen. In the next section the results of 
Study 4 concerning the timing in two-digit comparison will be discussed. 
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8.2.3. When are two-digit Arabic numbers compared? 
The results of both Experiments 1 and 2 of Study 4 have shown that as soon as digits are presented 
on the computer screen, participants do not wait for the missing digits in order to compare number 
magnitude. Participants perform comparisons between unit and decade digits presented together and 
immediately try to extract magnitude information from these digits. These results are not compatible 
with the predictions of the holistic model, but they may be accommodated in the hybrid model. As 
pointed out by Nuerk and Willmes (in press), the magnitudes of units and decades are independent 
of the overall magnitude and may be activated selectively. The visual masking used in Study 4 may 
have helped the selection of overall and decomposed representations. When the visual mask 
disrupted the visual structure of two-digit Arabic numbers, the decomposed semantic representations 
of units and decades prevailed over overall magnitude, and, they were the only significant predictors 
of performance (see Experiment 1, Study 4). In contrast, when the structure of the visual mask 
utilized did not disrupt the visual structure of two-digit Arabic numbers, overall magnitude 
representations were significant predictors of performance. 
In general, the data of Study 4 and the SOA study by Knops and colleagues (submitted) implicate 
that attentional strategies may influence performance even in very simple magnitude comparison 
tasks. When units are irrelevant for the task, the compatibility effect may be weaker or may even 
disappear depending on the type of mask and procedure used. Moreover, when the decade 
comparison and the unit comparison are both decisive in 50% of the two-digit comparisons, like in 
Experiment 2 of Knops and colleagues (submitted), unit-based effects for the identical stimulus 
subset are not only present, but also very large. These pieces of evidence suggest that units may be 
ignored when they are 100% irrelevant and when the perceptual settings allow such a strategy. The 
direct consequence of this attentional focus on decades is a decrease of the compatibility effect 
(Study 4, Experiment 1; Knops et al., Experiment 1). However, when decade and unit are relevant 
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for the task, this attentional selection of decades may not be activated and the compatibility effect 
may reappear. This implies that a stimulus-induced strategy can influence number processing effects 
even in simple tasks like magnitude comparison. 
In summary, as shown by Nuerk and colleagues (submitted) and in Study 4 of this dissertation, 
attention to unit digits may be varied, respectively, by strategic and perceptual manipulations of two-
digit numbers. More importantly, the amount of attention devoted to units may modulate the 
compatibility effect in important ways.  
In the following, observations about how individuals with poor academic training compare two-digit 
numbers will be discussed. 
8.2.4. The representations for units and decades and schooling of semi-illiterates 
The performance of semi-illiterates examined in Study 5 reveals that they do not process two-digit 
Arabic numbers holistically. As observed in Study 5, Semi-illiterates separate the representations of 
units and decades when comparing two-digit magnitudes and even show a significant compatibility 
effect. Interestingly, the compatibility effect was not correlated with the duration of academic 
training received by semi-illiterates (1 to 4 years), but with the mean RT in the magnitude 
comparison task. The compatibility effect was smaller or non-existent when semi-illiterates 
responded faster (see Figure 6.1). More importantly, the effect of processing speed on the 
compatibility effect was specific, since other indicators of semantic number processing like the 
decade distance effect were not correlated with mean RT. Therefore, the effect of processing speed 
on the compatibility effect might be related to a more specific cognitive process like the ability to 
segment numbers into decades and units and not with an unspecific increase of efficiency when 
comparing two-digit numbers. 
As pointed out above, the main determinants of the ability to compare two-digit numbers seem not 
to be associated directly with the duration of formal schooling but with the ability to segment 
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numbers into units and decades. Even semi-illiterates with less than one year of formal schooling 
show a regular compatibility effect, at least when unit distances are large. Therefore, one may 
conclude that semi-illiterates may learn the base-10 structure of two-digit numbers before starting 
with formal schooling. As a matter of fact, semi-illiterates can develop sophisticated arithmetic 
knowledge (Nunes et al., 1993) when it is relevant in the cultural environment (Ginsburg et al., 1997). 
Most of the semi-illiterates examined in Study 5 conduct a professional life. Their lifestyle is 
absolutely not compatible with the inability to handle money and read correctly the time on a clock-
face. Hence, semi-illiterates may detain refined information about the base-10 structure of two-digit 
numbers, at least in verbal format, which may be easily transferred to the domain of Arabic numbers. 
Adult semi-illiterates may need only a small amount of training in order to transfer knowledge about 
the structure of two-digit numbers from the verbal auditory format to the Arabic visual format and 
show a significant compatibility effect.  
But does the base-10 system have its origins in verbal representations? At least for adult semi-
illiterates the answer is probably yes. One of the most relevant pre-requisites for the efficient use of 
knowledge about the base-10 system is the ability to segment verbal or Arabic numbers into their 
powers of 10 system. Since semi-illiterates have the first contact with two-digit numbers when they 
handle money, they may learn how to form larger numbers by combining smaller tokens, which are 
verbally well labelled for instance as 1$, 5$, 10$, 50$ or 100$. The process should be monitored 
through verbal instruction, since errors may be penalized with the lost of a substantial part of the 
monthly income. Therefore, semi-illiterates which can use the rules for building large numbers using 
smaller quantities may be able to do the inverse cognitive operation and segment large numbers into 
smaller quantities. As shown in Study 5, semi-illiterates who can segment numbers more efficiently, 
show a null compatibility effect. The null compatibility effect found in semi-illiterates who can 
segment two-digit numbers more easily may suggest that the automatization of the segmentation 
procedures may reduce the amount of semantic interference of units on decades in two digit 
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magnitude comparison tasks. In analogy with the development of the ability to compare two-digit 
numbers in children (Nuerk et al. 2004b), it may be that semi-illiterates who can segment two-digit 
numbers more efficiently are also able to inhibit the semantic representation of units. On the other 
hand, the null or slightly negative compatibility effect found in Study 5 is in line with the literature on 
the semantic processing of two-digit numbers in languages in which the verbal structure of the 
number system does not contain inversions of position (Nuerk et al., in press a). 
Some important differences between the performance of semi-illiterates and children with the same 
amount of schooling should be considered. The performance of semi-illiterates remains relatively 
unchanged across the first four years of formal schooling, while children start comparing two-digit 
numbers using a sequential strategy and change gradually to a parallel strategy, when they cannot 
inhibit the lexical representation of units in two-digit numbers anymore. While children are learning 
both (i) how the base-10 structure works and (ii) how the visual system of Arabic symbols represents 
it, the semi-illiterates seem to know very well how the base-10 system works and only need to learn 
how to match it with the symbolic system of Arabic numbers. This is why semi-illiterates, however, 
are not able to ignore the unit numbers from the beginning. They have well established lexical entries 
for two-digit numbers, learned in verbal format, but easily translated into the Arabic format. 
In contrast, young children have no lexical entries for two-digit magnitudes at all. They learn about 
them in the first years of schooling. Therefore, they are able to use a sequential strategy of reading 
and comparing two-digit numbers, which allows for ignoring the magnitude of unit digits. Only 
when the lexical representations of two-digit numbers become stronger due to formal training, 
children may abandon the sequential strategy and start to use a parallel strategy in two-digit number 
comparison. Nevertheless, the transition from a sequential to a parallel strategy is not abrupt in a 
child’s development, but gradual and can be detected initially only when the influence of units is 
maximal, namely, when the unit distances are large and may be computed very automatically. When 
the unit distances are small and their computation more slow, children may continue to process the 
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decade distances only. As a matter of fact, children from grades 3 and 4 show a positive compatibility 
effect when the unit distances are large and a negative or non-existent compatibility effect when unit 
distances are small. Nevertheless, when the lexical entries for units and decades become automatic, 
children may not be able to avoid processing the units, even when their activation takes longer. For 
instance, only the 5th graders do not show an inversion of the compatibility effect even when unit 
distances are small. 
Additionally, the compatibility effect depended on unit-distance. When unit-distance was large the 
compatibility effect was also larger. In contrast, when unit-distance was small the compatibility effect 
was even slightly inverted. 
In summary, the developmental study of Nuerk and colleagues and the performance of semi-
illiterates in Study 5 strongly suggest that the origin of the place-value system, which assigns decades 
and units to separate cognitive bins of information, is the verbal number system. Children as well as 
semi-illiterates have immediate access to the verbal representations describing the verbal structure of 
two-digit numbers. Children in the first and second grade may be able to name and write two-, three- 
and even four-digit numbers. Nevertheless, children need more training with the use of two-digit 
numbers before they start to represent two-digit numbers semantically. 
On the contrary, semi-illiterates in general have good semantic knowledge about two-digit numbers 
and about their base-10 structure. The performance of semi-illiterates is modulated by the ability to 
convert number magnitudes into the base-10 structure. The semi-illiterates who can segment two-
digit numbers more efficiently are able to ignore the magnitude of units. Therefore, small children 
and adult semi-illiterates may handle two-digit numbers in very different ways.  
These observations may have an impact on the definition of educational strategies for teaching 
numerical and arithmetical abilities for adult semi-illiterates. Since adult semi-illiterates may detain a 
refined knowledge about the base-10 system in verbal format, strategies for transferring this 
knowledge to the Arabic format should be encouraged or even trained directly. 
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In the last section on the discussion of empirical data the evidence for separate neural 
representations of units and decades will be presented. 
8.2.5. Different cortical regions are sensitive to unit and decade magnitude 
Study 6 has provided clear evidence for separate cortical representations of units and decades. As 
already mentioned in Study 6, the separation of unit and decade representation does not necessarily 
mean that fixed neuroanatomical correlates for unit and decade numbers are present in our brains. 
The many fMRI studies carried out exclusively on one-digit numbers (Pinel et al., 1999; Eger et al., 
2002; and Pinel et al., 2004) have already shown that this might not be the case. These studies report 
clusters of activation located in regions of the brain situated between the clusters assigned to decades 
(more posterior) and units (more anterior) in Study 6.  
Nevertheless, the separation of areas dedicated to unit and decade processing in Study 6 is very clear. 
Therefore, when processing two-digit numbers semantically, the brain seems to distribute the work 
between functionally equivalent but spatially segregated regions of the IPS, when the separation of 
two representations is required. However, when the integration of representations is aimed at, like in 
previous studies on one- and two-digit number processing, there is no reason for distributing the 
work between spatially segregated regions of the IPS. 
The results of Study 6 may be interpreted as evidence that one-digit and two-digit Arabic numbers 
are processed differently in the brain. Processing two-digit numbers implies a division of labour 
between different cortical regions around the IPS, which assures the better separation of unit and 
decade magnitude. This flexibility may be useful in other domains of arithmetic cognition, like in the 
verification of written arithmetic problems and in making use of borrow operations. In summary, the 
results of Study 6 are in line with the predictions of the hybrid model, which propose that units and 
decades may activate separate semantic representations. However, the generality of the results of 
Study 6 regarding the separation of areas in the IPS for the processing of unit and decade semantic 
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representations should be confirmed in new imaging studies. In Study 6 unit magnitude was 
irrelevant for the task and for this reason may have received less attentional resources – as predicted 
by the hybrid model – and consequently may not have activated the whole network responsible for 
processing unit magnitudes. Therefore, a new study on two-digit number comparison where unit 
digits may be relevant for the comparison in a proportion of trials would be relevant for confirming 
the existence of separate neural correlates for representing unit and decade magnitudes.  
8.2.6. Conclusions of Part 2 
It is well known that semantic number representation is not a single process, but can be separated in 
different overall and decomposed representations. Indeed, the empirical studies of Part 2 show that 
the impact of these different representations on performance cannot be easily disentangled but they 
tend to interact in different ways. 
This thesis provides new data about the nature of two-digit magnitude representations. For a long 
time, it has been assumed that the magnitude of two-digit numerals is processed holistically. 
Nevertheless, recent investigations of Nuerk and colleagues (2001, 2002a, 2004a, in press) about the 
unit-decade compatibility effect have shown that two-digit number magnitude is inconsistent with a 
holistic view. The empirical investigations on the compatibility effect reported in this dissertation and 
on priming effects from other laboratories (Ratinckx et al., submitted) also corroborate the results of 
Nuerk and colleagues regarding the activation of overall and decomposed two-digit semantic 
representations. 
The existence of decomposed representations of units and decades, however, raises more specific 
questions about the nature of two-digit number processing. For instance, if the units and decades 
may activate separated representations, how and where are they integrated again into a two-digit 
number?  
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Twelve years after the start of research on number processing as an integrated research area of its 
own, with a special issue of Cognition, we are arriving at such more refined “second-generation” 
questions. After we have separated different number and digit representations, how, where and when 
does the brain bring them together again? 
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